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This study characterised the nearshore habitats and hyperbenthic fauna of two 
permanently-open but morphologically divergent estuaries along Australia’s lower west 
coast (the Swan-Canning and Peel-Harvey). The overarching aim was to assess whether 
spatial differences in the environmental characteristics of habitats could be used as a 
reliable basis for predicting those in faunal composition. The hyperbenthos of these 
temperate microtidal estuaries were also compared to that in the nearby coastal waters, and 
used to test several paradigms about faunal differences between estuarine and marine 
environments. This is the first hyperbenthic study in any Australian estuary.   
A quantitative approach was developed for classifying local-scale estuarine habitats 
using environmental criteria that were ecologically-relevant, readily available and enduring.  
It was applied to the above estuaries then expanded to account for geographical region and 
estuarine bar state and applied to two other south-western Australian systems, the 
seasonally-open Wilson Inlet and normally-closed Wellstead Estuary.  
Sampling of the hyperbenthos at various habitats throughout the Swan-Canning and 
Peel-Harvey estuaries in winter 2005 and summer 2006 yielded 72-92 species, 10-12 phyla 
(mainly Crustacea) and 5,602-9,347 individuals in each system.  Mean species richness, 
density, diversity and composition differed significantly among habitats in each estuary and 
season, although not always between all habitats. Habitat differences in the hyperbenthos 
were almost always significantly correlated with those in the environmental attributes, 
indicating that the classification scheme provides a reliable basis for predicting these fauna 
at any unsampled site in these estuaries.  
Comparisons of the hyperbenthos between the above estuaries and that in the 
adjacent coastal waters showed that both the mean number of species and density were far 
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greater in the marine than estuarine environments, while mean diversity was similar in all 
systems except the Peel-Harvey in summer, where it was significantly lower. The trends in 
species richness support widely-accepted paradigms of faunal differences between 
estuarine and marine waters, those in diversity provide partial support, while those in 
density are in profound opposition. Species composition differed extensively between the 
estuarine and marine waters, and also differed between the two estuaries but to a far lesser 
extent.  
As the first study of the hyperbenthos in Australian estuaries, and to compare these 
assemblages with those in adjacent marine environments, this thesis provides extremely 
valuable insight into these fauna and builds on the relatively limited knowledge of 
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1.1 Estuarine and nearshore marine waters 
1.1.1 Definitions 
Situated at the interface between the land and the sea, nearshore marine waters and 
especially estuaries are renowned for being highly biologically productive environments 
(e.g. Schelske and Odum, 1961; Whittaker and Likens, 1975; Whitfield and Elliott, 2011) 
and also major foci for human settlements worldwide (Small and Nicholls, 2003; Sekovski 
et al., 2012; Pelling and Blackburn, 2014; Wolanski, 2014).  About 60% of the global 
population lives in the coastal zone, with estuaries in particular supporting many of the 
worlds’ major cities (e.g. Tilman et al., 2001; Lindeboom, 2002; Bianchi, 2006; Wolanski 
and Elliott, 2015).  This figure is often higher in several countries, including Australia 
where ~85% of people live coastally (Australian Bureau of Statistics, 2004).  This reflects 
the extensive ecosystem services provided by estuarine and nearshore marine 
environments, including those that are supporting (e.g. photosynthesis, nutrient cycling), 
provisioning (e.g. fisheries, supply of water), regulating (e.g. climate and flood regulation) 
and cultural (e.g. recreational purposes, aesthetic value; Millenium Ecosystem Assessment, 
2005).  
 Despite their ecological and socio-economic importance, however, estuaries are 
notoriously difficult to define and have only received more widespread recognition as 
distinct ecosystems since the 1960s (Dionne, 1963; Elliott and McLusky, 2002; Potter et 
al., 2010).  While nearshore marine environments can be relatively simply defined as those 
waters between the coastal land margin and the 30 m depth contour and where salinities are 
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substantially marine (>30) throughout the year (National Oceanic and Atmospheric 
Administration, 2006), the extensive physical diversity of estuaries and different scientific 
views as to their requisite characteristics has led to a proliferation of definitions (e.g. 
Pritchard, 1967; Dyer, 1973; 1996; Day, 1980; 1981; Moore, 1988; Dalrymple et al., 1992; 
Pethick, 1993; Potter et al., 2010; Vilas et al., 2014; Wolanski and Elliott, 2015).  Indeed, 
even by the late 1990s, Dyer (1997) identified over 40 published definitions of estuaries, 
varying in their emphasis on salinity, tides, sediments, topography, hydrology and/or 
morphology as distinguishing characteristics. 
One of the earliest and most widely-cited definitions is that by Pritchard (1967), 
namely “an estuary is a semi-enclosed coastal body of water which has a free connection 
with the open sea and within which sea water is measurably diluted with fresh water 
derived from land drainage”. However, this definition, like those by Dyer (1973) and 
Dalrymple et al. (1992), focuses on northern hemisphere estuaries with a predictable and 
pronounced influence from tides, and does not encompass the hydrology or morphology of 
many southern hemisphere systems which commonly experience prolonged periods of 
small to no river flow, hypersaline conditions and/or intermittent closure from the sea by 
marine sand bars (Whitfield, 1998; Elliott and McLusky, 2002).  Day (1980; 1981) 
addressed some of these shortcomings with his definition of an estuary, i.e. “a partially 
enclosed coastal body of water which is either permanently or periodically open to the sea 
and within which there is a measurable variation of salinity due to the mixture of sea water 
with fresh water derived from land drainage”.  However, Potter et al. (2010) noted that this 
definition lacked clarity on whether freshwater inputs must be river-derived and that 
salinities can exceed that of seawater, so proposed the following revision: “An estuary is a 
partially enclosed coastal body of water that is either permanently or periodically open to 
the sea and which receives at least periodic discharge from a rivers(s), and thus, while its 
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salinity is typically less than that of natural sea water and varies temporally and along its 
length, it can become hypersaline in regions when evaporative water loss is high and 
freshwater and tidal inputs are negligible”.  The above provide just a few examples of the 
various approaches to defining estuaries, highlighting the variability in these transitional 
waters worldwide and the difficulty in developing an all-encompassing description. 
 
1.1.2 Geomorphological diversity 
Estuaries throughout the temperate regions of the world vary extensively in their 
overall form, dimensions and underlying geology, which are determined largely by their 
geological setting, catchment characteristics and dominance of physical processes (Day et 
al., 1989; Dyer, 1997).  There are many approaches to classifying estuaries based on their 
overall geomorphology, which often include elements of how these systems were formed at 
their origin, which was during the Holocene sea level rise, and how they have been altered 
over time due to hydrological and sedimentary processes (e.g. Pritchard, 1952; 1967; 
Davies, 1964; Day et al., 1989; Davidson et al., 1991; Hodgkin and Hesp, 1998; Roman et 
al., 2000). 
Some of the more commonly recognised broad estuarine typologies, which often 
include several subdivisions, include the following. (1) Drowned river valley estuaries (of 
which rias are a subdivision), formed by the flooding of river valleys following a rise in sea 
level over geological time;  (2) Glacial valley estuaries (including fjords and fjards), formed 
by the marine submergence of river valleys that are deepened by glacial erosion;  (3) 
Barrier, inter-barrier or lagoonal estuaries, formed by the enclosure of coastal areas through 
marine sediment deposition, such as in the lee of islands or within historical coastal dune 
troughs; (4) Basin or embayment estuaries, formed by the drowning of coastal depressions 
or infilling of embayments; (5) Deltaic estuaries, formed by the deposition of mainly land-
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derived sediment at the coastal margins of large river systems, forming a branched network 
of estuary channels; (6) Tectonically-caused estuaries, produced by the flooding of faults in 
the coastal zone (Davies, 1964; Pritchard, 1967; Dyer 1973; Hodgkin and Hesp, 1998; 
Defra, 2002; Montagna et al., 2013).   
In general, broad differences can often be recognised between many estuaries in the 
temperate regions of the northern and southern hemispheres. Thus the former, which are 
often tidally-dominated (meso- to macro-tidal), tend to have wide permanently-open 
mouths and bodies that narrow moving upstream, forming a classic “funnel” shape 
longitudinally (e.g. Elliott and McLusky, 2002; Potter et al., 2010).  In contrast, many 
southern hemisphere estuaries are wave-dominated microtidal systems that often have 
narrow entrance channels and wide lagoonal basins, several of which become closed off 
from the sea either for part of the year (seasonally-closed) or for longer periods (normally-
closed) by marine-derived sediment accumulating at their mouths (e.g. Hodgkin and Hesp, 
1998; Whitfield et al., 2008; Potter et al., 2010). Indeed, ~70 and 80% of estuaries in South 
Africa and south-western Australia, respectively, are either seasonally-open or normally-
closed to the sea (Hodgkin and Lenanton, 1981; Whitfield et al., 2008).    
 
1.1.3 Hydrodynamics  
Hydrodynamic processes not only play a key role in shaping estuarine morphology, 
but also the environmental conditions and thus habitats that occur over both space and time 
in these transitional water bodies (Kench, 1999; Masselink et al., 2011).  Although the 
collective hydrodynamic processes operating in estuaries are usually highly complex, the 
primary hydrodynamic forces are freshwater input and tidal intrusion.  Their relative 
influences, however, vary greatly among systems depending on geographical setting (and 
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thus local climate, oceanography and catchment characteristics), geomorphology and the 
extent of any anthropogenic modifications. 
Typically, estuaries are areas of transition from marine/tidally-induced conditions at 
the seaward end of the system to freshwater/riverine-induced conditions at the landward 
end.  As these two water types interact, mixing occurs to varying extents depending on flow 
strength, timing and duration.  Marked interfaces or gradients can also form longitudinally, 
vertically or horizontally between these more saline and fresher water types, resulting in 
internal waves and thus different types of estuarine circulation (Beer, 1997; Wolanksi and 
Elliott, 2015).  Various classification schemes have been established on this basis, such as 
that by Pritchard (1955) who recognised highly stratified or ‘salt-wedge’ estuaries 
(pronounced vertical salinity stratification with little mixing), partially mixed systems 
(some vertical and longitudinal mixing of salinity) and well mixed systems (high level of 
salinity mixing, vertically, longitudinally and horizontally).  Many south-western 
Australian estuaries are highly stratified due to the advancement of marine waters driven 
far upstream by tidal currents with little opposing riverine discharge during the dry seasons, 
and pronounced freshwater inputs over a few months in winter (Stephens and Imberger, 
1996).  Tidally-dominated estuaries in contrast, such as many of those in the northern 
hemisphere, are often partially to well mixed because of the strong tidal flows and more 
regular riverine flows in those systems (Chappell and Woodroffe, 1994).   
Estuarine water circulation is further complicated by various other forces, including 
surface waves and evaporation.  Winds produce surface waves that, depending on the depth 
of the estuary, can totally mix the water from top to bottom, while daily evaporation that 
exceeds river or tidal inflow can result in hypersaline conditions in the estuary (Hodgkin 
and Lenanton, 1981; Chuwen et al., 2009; Potter et al., 2010).  Both of these factors 
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strongly influence the circulation of waters in the wide, shallow basins that occur in 
southern hemisphere estuaries. 
Surface waves are also a major hydrodynamic force in nearshore coastal waters, and 
often to a far greater extent than in estuaries given the shelter provided by the surrounding 
land in the latter.  Waves impacting the coastal zone are often a combination of those 
generated offshore by major global wind systems (swell) and those produced inshore by 
local winds (seas; Beer, 1997; Masselink et al., 2011).  While swell waves can also impact 
estuarine circulation, their influence is often rapidly dissipated moving upstream and/or 
particularly in those systems that have narrow or closed mouths (Talke and Stacey, 2003; 
Day et al., 2012).  Moreover, wave exposure can vary considerably along coastlines, 
depending on the level of shelter provided by physical barriers such as islands, headlands or 
submerged reefs, or by beach aspect relative to the direction of prevailing winds and wave 
approach (Short, 1999; Roff and Taylor, 2000; Sanderson et al., 2000; Jackson et al., 
2002).  Finally, currents and eddies, including those generated by major oceanic systems 
such as the boundary currents or gyres, the Coriolis force or those generated alongshore or 
cross-shore from local winds, can also play a major role in the hydrodynamics of nearshore 
marine areas and, typically to a lesser extent, the circulation and flushing of estuaries (Beer, 
1997; Eyre, 1998; Heggie and Skyring, 1999; Radke et al., 2004). 
 
1.1.4 Sedimentology and benthic cover  
Hydrodynamic processes within estuaries and nearshore marine waters are closely 
inter-related with the sedimentology of those environments, and also other features 
associated with the substrate such as macrophyte beds or reefs. Thus, these physical 
processes erode, redistribute and deposit sediment from land and marine-derived sources, 
and these sedimentary losses and accretions in turn modify the extent and behaviour of 
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those processes, such as through dampening, amplification or refraction (e.g. Meade, 1972; 
Wolanksi and Elliott, 2015).  Similarly, the location, type and amount of benthic cover is 
heavily influenced by hydrodynamic forces, which in turn induces the above types of 
concomitant changes in these energy processes (e.g. McLusky and Elliott, 2004; Gray and 
Elliott, 2009). 
Although there can be a high degree of sediment reworking in estuarine 
environments, they typically act as “sinks” or net accumulation zones of fine sediment and 
accompanying organic matter, transported via rivers and tidal flow (Roy, 1984; Cooper, 
2001).  The extent and nature of this deposition is influenced by multiple factors, including 
the geomorphology and hydrology of the estuary, climatic setting, the nature of the 
surrounding catchment and anthropogenic alterations, which collectively influence both the 
current speed and sediment particle sizes within the system.  Larger pebbles and coarser 
sands require greater current speeds to be transported and are deposited first when flows 
slacken, while finer sands and muds are readily transported and suspended in the water 
column, promoting turbidity.  The speed of settlement of these finer sediments is related not 
only to particle diameter, but also various other factors such as particle concentration, salt 
flocculation and biological production (e.g. microalgae) associated with the sediment grains 
(de Jonge and Elliott, 2001; McLusky and Elliott, 2004; Gray and Elliott, 2009). The 
resultant sediment stratification includes particulate organic matter overlaying the sediment, 
as well as a redox discontinuity layer that transistions between oxygen-rich and oxygen-
poor sediment (McLusky and Elliott, 2004). 
The large range of sediment sizes found in estuaries, in addition to their wide array 
of physico-chemical conditions, can in turn support varying benthic and riparian cover 
types, including diverse seagrass and macroalgal beds, saltmarsh, rushes, sedges and 
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mangroves (Edgar, 2001; Hodgkin and Hesp, 1998; Whitfield and Elliott, 2011), providing 
potentially numerous habitats for estuarine fauna.          
 
1.1.5 Anthropogenic impacts  
Estuaries and coastal zones have long been attractants for major population centres 
given the extensive ecosystem services they provide.  Their surrounding catchments have 
thus often been extensively cleared to accommodate major urban, agricultural and industrial 
developments, and the waterways themselves are used to provide food, water, transport, 
power generation, safety, recreation, amenity and cultural significance, among other uses 
(e.g. Diaz et al., 2004; Schröder-Adams, 2006; Franco et al., 2008; Guarinello et al., 2010; 
Lill et al., 2011; 2012).  The concentration of anthropogenic activity around and within 
these environments, however, has led to them becoming among the most degraded of all 
aquatic ecosystems, especially in the case of estuaries given their direct links to catchments 
and thus that they are the primary receiving waterbody for all downstream flows of 
contaminants, organic matter and sediment (Kennish, 1991; Ridgway and Shimmield, 
2002).  These impacts are worsening globally, given steady population growth which is 
disproportionately high in the coastal zone (e.g. Mimura, 2007; Wolanski and Elliott, 
2015). 
Some of the major anthropogenic stressors affecting estuaries and nearshore coastal 
waters include excessive nutrient flows (e.g. from fertilisers and animal waste), pollutants 
(e.g. from industrial waste, spills and watercraft discharges), litter (e.g. plastics), habitat 
loss (e.g. through reclamation, dredging or erosion), invasive species (e.g. from ballast 
waters) and reduced environmental water flows (e.g. through diversion or damming of 
rivers, bank realignment or tidal barrage construction; McLusky and Elliott, 2004; Bianchi, 
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2006; Coleman et al., 2008; Courrat et al., 2009; Kennish and Elliott, 2011; Elliott et al., 
2014). 
Among the largest and most widespread environmental perturbations that have 
arisen from several of the above interacting pressures, particularly in estuaries, are 
eutrophication and hypoxia.  Eutrophication leads to nuisance algal blooms which can 
cause, for example, loss of seagrass beds through smothering or reduced light availability, 
large mortality events for fish and invertebrates (e.g. through clogging of feeding or 
breathing apparatus or toxicity effects) and reduced amenity for human use of these 
environments (e.g. through foul odours, unsightliness, toxicity etc.; Gray and Elliott, 2009; 
Wolanski and Elliott, 2015).  Hypoxia and anoxia, which can also promote eutrophication 
effects through encouraging increased nutrient release from sedimentary stores (Conley et 
al., 2009), has been clearly linked with major kills of invertebrates and fish (Levin et al., 
2009; La and Cooke, 2011), reduced growth and productivity of these fauna (Díaz and 
Rosenberg, 1995; Levin et al., 2009), loss of biodiversity (Rosenberg, 2001; Levin et al., 
2009) and major economic loss (Breitburg et al., 2001; Díaz and Rosenberg, 2011) in 
estuaries and coastal zones worldwide (Paerl, 1988; Sagasti et al., 2001; Elliott and 
Hemingway, 2002).   
In addition to the above, estuaries and coasts are highly vulnerable to climate 
change effects, such as increases in temperature and sea level, changes to rainfall and river 
discharge and water acidification.  The effects of these changes are often highly synergistic 
with several of the anthropogenic stressors outlined above (Schlacher et al., 2006; 2008; 
Harris et al., 2011; Whitfield and Elliott, 2011; Wolanski and Elliott, 2015).  In south-
western Australia for example, rainfall and subsequent river flow to estuaries has declined 
by 16% and > 50%, respectively, since the 1970s (Silberstein et al., 2012), contributing to 




1.2 Estuarine and nearshore marine habitat classification schemes 
The term ‘habitat’ is used to denote a relatively homogenous environment that is 
inhabited either permanently or temporarily by organisms and is an intersection of the 
various environmental characteristics and processes acting on that location (Diaz et al., 
2004; Mount et al., 2007).  A habitat classification scheme thus collates information on the 
spatial and/or temporal differences in the environment and systematically assigns sites to a 
habitat using a specified suite of criteria. It further provides a framework for interpreting 
ecological structure and function (Allee et al., 2000; Diaz et al. 2004; Valentine et al., 
2005; Snelder et al., 2007; Valesini et al., 2010).  
The need to classify estuarine and coastal habitats arises from not only a scientific 
view, in that workers need to be able to make valid comparisons, but also to support 
management, administrative and legislative requirements for sustaining natural resources 
and better accommodating the many uses and users in these environments (Elliott and 
McLusky, 2002; Madden et al., 2005; Whitfield and Elliott, 2011).  Habitat classifications 
can also support frameworks for ecological prediction, enabling a wide range of 
possibilities for improved conservation and multiple-use planning (Schoch and Dethier, 
1996; Zacharias et al., 1999; De’ath, 2002, Valesini et al., 2003).  
There are many habitat classification schemes that have been devised for estuarine 
and/or coastal waters around the world (e.g. Digby et al., 1998; Zacharias et al., 1998; Roff 
and Taylor, 2000; Roy et al., 2001; Banks and Skilleter, 2002; Pihl et al., 2002; Connor et 
al., 2004; Madden et al., 2005; Hume et al., 2007; Mount et al., 2007; Snelder et al., 2007).  
Several broad differences can be identified among them, including (i) whether qualitative 
or quantitative data and decision rules are used, (ii) whether they have a hierarchical 
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(nested) or non-hierarchical structure, (iii) their spatial scale and resolution, and (iv) 
whether they are based primarily on environmental (abiotic) or biotic attributes.  
Quantitative schemes, such as those proposed by Madden et al. (2005), Hume et al. 
(2007) and Mount et al. (2007), clearly provide an advantage over qualitative schemes (e.g. 
Sherman, 1986; Dethier, 1992; Pihl et al., 2002) in that they can be reliably and 
consistently interpreted by multiple users and provide a more robust basis for statistically 
examining linkages with fauna or other habitats (Cohen et al., 2005; Gregr and Bodtker, 
2007).  Hierarchical schemes often provide an advantage over non-hierarchical schemes in 
that they can cater for both broad and fine scale applications (i.e. from national to local 
scales, e.g. Howes, 1999; Connor et al., 2004; Snelder et al., 2007), whereas the latter 
approaches are usually tailored for use at a specific scale (e.g. Zharikov et al., 2005; Engle 
et al., 2007).  However, these large hierarchical schemes can be unwieldy and time-
consuming to use.  Local and regional schemes at higher spatial resolutions have an 
advantage over broad-scale schemes (e.g. Digby et al., 1998; Edgar et al., 2000; Roy et al., 
2001; Engle et al., 2007; Hume et al., 2007) in that they are more useful to resource 
managers for identifying habitats of high environmental and/or cultural value, and provide 
a more appropriate basis for predicting fauna at finer taxonomic levels (Dye, 2006).  Lastly, 
while schemes that incorporate characteristic biota provide a more complete representation 
of the ecological structure of a habitat, acquiring this information at sufficient spatio-
temporal scales is often prohibitively expensive. Moreover, the resultant scheme is usually 
only applicable to the area for which it has been devised. Environmental attributes, in 
contrast, and particularly those that can be derived from mapped data sources, are far easier 
to measure reliably, cost-effective, and often provide sound surrogates for biotic 
distributions (e.g. Belbin, 1993; Zacharias et al., 1999; Maxted et al., 2000; Ferrier et al., 
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2002; Roff and Evans, 2002; Snelder et al., 2007; Harris and Whiteway, 2009; Francis et 
al., 2011; Harris et al., 2011).   
 
1.3 The hyperbenthos 
1.3.1. What are the hyperbenthos? 
The hyperbenthos are defined by Mees and Jones (1997) as “those benthic and 
planktonic organisms that spend at least part of their lives in association with the sediment-
water interface and range from 32 m to >1 mm in size”.  However, this group of animals 
has been assigned several definitions, and a variety of names, since they first started to be 
studied independently of the benthic fauna and zooplankton in the late 1950s.   
From the early 1900s to late 1950s, the hyperbenthos were termed bottom plankton 
(e.g. Tattersall, 1906; Russell, 1925; 1926; 1928).  Beyer (1958) was the first to use the 
term hyperbenthos to describe “those animals that occupied the lower layers of the water 
column during different periods of their life or at different times of the day, but which 
retained some contact with the substratum”.  Boysen (1975) defined the transitional zone 
between the areas occupied by the benthos and the plankton as the hyperbenthal, and 
concluded that the hyperbenthos was a combination of the plankton that reaches the sea bed 
during its diurnal migration and the endobenthos that rises to this zone or higher in the 
water column. The hyperbenthos have also commonly been referred to as suprabenthos in 
the scientific literature,  a term first used by Friedrich (1969) and later defined by Brunel et 
al. (1978) as “all the swimming, bottom-dependent animals (mainly crustaceans) which 
perform, with varying amplitude, intensity and regularity, seasonal or daily vertical 
migrations above the sea floor”.  The names given to hyperbenthos have also varied among 
study area, with, for example, suprabenthos, benthopelagic plankton and benthic boundary 
layer macrofauna commonly being adopted in deep-sea studies, and resident, swarming or 
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demersal zooplankton often used in studies undertaken in tropical areas (Marshall and 
Merrett, 1977; Alldredge and King, 1985; Sorbe, 1989; Mees and Jones, 1997).  
Additionally, since the hyperbenthos contains no unique taxa or life stages (i.e. which 
are not also represented in the zooplankton or benthic infauna), further inconsistencies have 
arisen in the components considered to belong to this group (Dauvin et al., 1994).  Wang 
and Dauvin (1994) and Wang et al. (1994) distinguish between the permanent 
hyperbenthos (mysids, cumaceans, decapods, amphipods, isopods and pycnogonids) and 
near-bottom zooplankton (copepods, polychaete larvae, crustacean larvae, chaetognaths, 
post-larval fish), but this strict categorisation is problematic since all of these taxa are 
associated with the sediment-water interface and undertake vertical migrations into the 
water column (Mees and Jones, 1997).  Many hyperbenthic studies also discard certain taxa 
caught in the hyperbenthic zone on the basis that they are more appropriately assigned to 
the endobenthos or zooplankton, making comparisons among some studies difficult.  For 
example, San Vicente and Sorbe (1999) excluded fish and calanoid copepods from their 
study of hyperbenthos in the Mediterranean, considering them to be megahyperbenthic and 
planktonic, respectively.  However, these taxa are included in other hyperbenthic studies, 
e.g. Alldredge and King (1985), Pihl (1986) and Mees et al. (1993a).  Mysids, adult 
polychaetes, bivalves, pelagic fish and coelenterates have also variably been included or 
excluded from different hyperbenthic studies, considered to be endobenthic, truly 
planktonic or primarily pelagic (e.g. Pihl 1986; Mees et al., 1993a; Azeiteiro and Marques, 
1999; Costa-Dias et al., 2010). Often, however, the reasons for excluding certain taxa 
retained in the hyperbenthic zone are not provided.  
Various gear types have been used to sample the hyperbenthic community among 
studies worldwide, depending on the project aims and conditions of the study area 
(Eleftheriou and Holme, 1984; Mees and Jones, 1997).  These include different net types, 
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(e.g. hand-held dip or push nets, standing nets, anchored swivel nets and diver-pushed nets; 
Johannes, 1970; Hobson and Chess, 1978; Cattrijsse et al., 1994), and other devices such as 
various traps (e.g. light, emergence, re-entry and baited ), suction samplers, hand pumps, 
photography and direct observation by scuba (Emery, 1968; Hamner and Carleton, 1979; 
Alldredge and King, 1980; Youngbluth, 1982; Holme, 1984; Christiansen et al. 1990; 
Metaxas and Scheibling, 1994).  Most commonly, however, hyperbenthos are collected 
using a sled with a mounted frame(s) onto which plankton net(s) are attached, which is 
towed over the sediment surface (e.g. Dauvin et al., 1994, 2000, 2011; Mees and Jones, 
1997; Mees et al., 1993a, b, 1995; San Vicente and Sorbe, 1999). 
 
1.3.2 Hyperbenthos in estuarine and nearshore marine waters 
Estuarine and coastal waters provide key environments for hyperbenthos, given the 
abundant food sources (e.g. phytoplankton, microphytobenthos, zooplankton, detritus and 
macrophytes) and shelter (e.g. macrophyte beds, turbid zones) they provide (Day et al., 
1989; Costanza et al., 1993; Mees and Jones, 1997).  The hyperbenthos themselves are a 
key link in coupling benthic and pelagic food webs in these environments, feeding on 
detritus, algae and zooplankton (Mees and Hamerlynck, 1992; Catrijsse et al., 1994; Wilson 
and Koutsagiannopolou, 2014).  They also provide a major food source for many fish 
species at various life stages, with harpacticoid copepods, for example, often being major 
prey for post-larval and juvenile fish, and mysids making substantial contributions to the 
diets of various demersal species (e.g. McCall and Fleeger, 1995; Mees and Jones, 1997; 
Maes et al., 2003).  
 Most hyperbenthic studies in estuarine and coastal marine environments have been 
undertaken in the northern hemisphere (e.g. Sibert, 1981; Pihl, 1986; Mees et al., 1993a; 
1995; Azeiteiro and Marques, 1999; San Vicente and Sorbe, 1999; Beyst et al., 2001; 
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Drake et al., 2002; Domínguez Granda et al., 2004; Munilla and San Vicente, 2005; Dauvin 
et al., 2006; Costa-Dias et al., 2010; Bernardo-Madrid, 2013; Dauvin and Pezy, 2013), with 
comparatively few in the southern hemisphere (i.e. Young and Wadley, 1979; Tararam et 
al., 1996; Coen, 2002; Heyns and Froneman, 2010; Lill et al., 2011; 2012).  Moreover, the 
only studies in Australia are that by Young and Wadley (1979) in a marine embayment on 
the east coast and Coen (2002) in nearshore marine waters along the lower west coast.   
The following subsections outline some of the main spatio-temporal influences on 
hyperbenthic communities in estuarine and coastal waters. 
     
1.3.2.1 Spatial drivers of hyperbenthic communities  
 Within estuaries, water physico-chemistry is a major driver of spatial differences in 
hyperbenthic characteristics, with salinity (and/or other autocorrelated water quality 
attributes) apparently being among the most influential of factors, and certainly the most 
commonly studied.  Thus, changes in species richness along the length of estuaries are 
often correlated with salinity (Moreira et al., 1993; Mees et al., 1995; Drake et al., 2002) 
and those in species composition often reflect corresponding differences in the prevalence 
of taxa with greater marine or freshwater affinities (e.g. Mees et al., 1993a; 1995; Mouny et 
al., 2000; Drake et al., 2002; Costa-Dias et al., 2010; Rappé et al., 2011; Dauvin and Pezy, 
2013).  Spatial trends in water temperature and/or dissolved oxygen concentration have also 
been shown in numerous cases to correspond with those in the hyperbenthos (e.g. Mees and 
Hamerlynck, 1992; Dauvin et al., 2006; Heyns and Froneman, 2010; Rappé et al., 2011), as 
have those in turbidity (Mees and Hamerlynck, 1992; Mees et al., 1993a; Heyns and 
Froneman, 2010; Rappé et al., 2011).   
Spatial differences in the hyperbenthos have also commonly been related to changes 
in sediment or benthic cover type in estuarine and coastal waters.  For example, several 
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workers have shown that amphipods and mysids are typically more abundant over sandy 
substrates and cumaceans and polychaetes are more prevalent over muddy substrates 
(e.g. Corey, 1970; Barnes, 1987; Dauvin et al., 1994; Mees and Jones, 1997; Dauvin et al., 
2011; Bernardo-Madrid et al., 2013).  Others have demonstrated spatial linkages between 
the hyperbenthos and sedimentary redox state or organic matter content (e.g. Cartes et al., 
2008; Heyns and Froneman, 2010). Greater densities of hyperbenthos are also often found 
in vegetated than unvegetated habitats, which has been attributed to greater protection from 
predators, higher prey abundances, increased structural heterogeneity and/or reduced water 
currents (e.g. Pihl, 1986; Levinton, 1995; Cunha et al., 1999; Mattila et al., 1999; 
Froneman and Henninger, 2009).   
Lastly, and particularly in nearshore marine waters given their usually greater level 
of exposure than in estuaries, hyperbenthic fauna are often heavily influenced by the degree 
of wave and/or tidal activity.  Sheltered habitats tend to contain greater numbers of species 
and densities of hyperbenthos (e.g. Lock and Mees, 1999), while exposed habitats, in which 
the hyperbenthic zone is continuously rearranged (Tait and Dipper, 1998; Edgar, 2001; 
Burd et al., 2008), can produce physically stressful environments.  However, these 
turbulent areas can also provide other opportunities, such as high abundances of food and 
shelter in the forms of suspended phytoplankton and turbidity, respectively (Munilla et al., 
1998; San Vicente and Sorbe, 1999; Beyst et al., 2001; Domínguez-Granda et al., 2004).  
Hyperbenthic taxa able to exploit these exposed habitats typically have a range of 
adaptations such as considerable swimming ability and a protective exoskeleton 
(e.g. mysids, amphipods and copepods; Lock and Mees, 1999), or behavioural traits such as 
timing vertical migrations with particular tidal phases (Hough and Naylor, 1992; Mees and 




1.3.2.2 Temporal drivers of hyperbenthic communities 
A major characteristic of several taxa comprising the hyperbenthos is that they 
undertake diel vertical migrations between the hyperbenthic layer during the day and the 
water column at night.  Such nocturnal migrations have been reported for amphipods, 
isopods, cumaceans, copepods, decapods and polychaetes, and have been associated with 
increased availability of food, predator avoidance, horizontal dispersion and increased 
breeding success (Evans, 1971; Macquart-Moulin, 1991; Mees and Jones, 1997).  
In addition to these diel movements, pronounced seasonal changes in hyperbenthic 
communities are often observed in estuarine and coastal waters, and particularly in the 
former given their often marked seasonal changes in various environmental characteristics 
such as river flow, bar state and resultant water quality.  Thus, the decreased river flow, 
increased and often more stable salinities and higher water temperatures in spring and 
summer months have been linked to greater hyperbenthic species richness, densities and 
diversity than in winter (e.g. Mees et al., 1993a; Dauvin et al., 1994; 2000; Beyst et al., 
2001; Cartes et al., 2007; Heyns and Froneman, 2010).  Such findings are often related to 
increased food availability, heightened swimming activity and increased reproductive 
activity during these seasons (Jones, 1986; Buhl-Jensen and Fossa, 1991; Beyst et al., 2001; 
Rappé et al., 2011).    
 
1.4 Study Aims  
This study has four broad aims. Further detail on each of these aims and, where 
applicable, their associated hypotheses, are given in Chapters 2-5. 
 
(1) Develop a quantitative scheme for classifying habitats within estuaries based on a suite 
of biologically-relevant, enduring environmental characteristics.  This scheme will then be 
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applied to a diverse range of estuaries across south-western Australia, namely the 
permanently-open Swan-Canning and Peel-Harvey estuaries, the seasonally-open Wilson 
Inlet and normally-closed Wellstead Estuary, and further developed to examine habitat 
differences across all four systems (Chapter 2). 
 
(2) Test whether the characteristics of the hyperbenthic fauna (species richness, density, 
diversity and assemblage composition) differ significantly among a diverse range of the 
above habitats and also among seasons in the permanently-open but morphologically 
divergent Swan-Canning Estuary (Chapter 3) and Peel-Harvey Estuary (Chapter 4).  
 
(3) Determine whether the suite of enduring environmental characteristics used to define 
habitats in the Swan-Canning and Peel-Harvey estuaries, or their non-enduring water 
quality attributes, provide a better basis for predicting spatial differences in the 
hyperbenthos within each of these systems (Chapters 3 and 4).  
 
(4) Compare the hyperbenthos between the above two estuaries and the nearshore marine 
waters that lie between them to ascertain the nature and extent of any significant differences 






Habitat classification within four morphologically-divergent estuaries 
 
2.1 Introduction 
 Estuaries are highly important environments from both ecological and socio-
economic perspectives.  This typically stems from a range of their characteristics, such as 
their frequently diverse habitats, high primary productivity, high degree of shelter, rich 
faunal assemblages and their geographical setting between catchment and coastal 
landscapes.  However, these receiving water bodies are also among those most heavily 
impacted by anthropogenic activities, both within the estuary and its surrounding 
catchment, which often result in a range of detrimental effects including eutrophication, 
salinisation, pollution and habitat loss (e.g. Hatcher et al., 1989; Valeila et al., 2001; Kaldy 
et al., 2004; Pye, 1995; Jackson et al., 2002; Zharikov et al., 2005).  The effective 
management of estuarine environments is thus a highly challenging task, given their 
complexity, value for multiple competing uses and users and myriad of stressors. 
At a fundamental level, one of the most important information baselines for 
estuarine managers is a reliable classification of the various habitats present within a 
system of interest.  Such schemes not only provide key inventories of environmental 
diversity, but also a sound basis for elucidating habitat/faunal relationships and thus a 
greater understanding of ecosystem structure and function.  Ideally, schemes for classifying 
habitats should be quantitative, easy to use, applicable at spatial scales that match those 
typically governed by resource managers (i.e. local to regional), based on readily available 
and ecologically-relevant data and applicable over a range of temporal scales (e.g. Allee et 
al., 2000; Roff and Taylor, 2000; Roff et al., 2003; Diaz et al., 2004; Madden et al., 2005).  
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Furthermore, the most valuable schemes are those that can determine not only the habitat of 
‘new’ (unsampled) sites, but also enable prediction of the faunal species that are most likely 
to occur there.  This latter capability allows characteristic species to be immediately linked 
to sites of interest, without requiring further intensive field sampling (e.g. Valesini et al., 
2003; 2004; Cohen et al., 2005; Gregr and Bodtker, 2007; Snelder et al., 2007).  However, 
many existing estuarine and/or coastal habitat classification schemes are lacking in one or 
more of these characteristics.  For example, the British Columbia Estuary Mapping System 
(Howes, 1999), which was designed solely for Canadian and North American systems, is 
very complex and time-consuming to use due to the many supporting databases it requires.  
Also, some classification schemes depend on data that is not easily obtained (e.g. indices of 
biotic integrity, such as Florida’s Stream Condition Index, which requires advanced 
taxonomic knowledge and considerable data analyses for index calculation; Barbour et al., 
1996; Simon et al., 2000; Cohen et al., 2005), and others are not applicable over different 
temporal scales (e.g. Madley et al., 2002).  
Within Australia, a broad morphology-based classification scheme, i.e. the 
Australian Estuarine Database (AED), has been devised for estuaries nationwide (Heap et 
al., 2001; www.ozcoasts.gov.au  03/06/2014).  This scheme focuses on classifying whole 
estuaries and employs various geomorphological and hydrological criteria to assign systems 
to one of several broad typologies, e.g. wave-dominated estuary, tide-dominated estuary, 
coastal lagoon etc.  It further provides a database on a range of physico-chemical 
parameters within each estuary including, where available, sediment and water quality 
variables and the extent of different substrates and aquatic vegetation. This database has 
been widely applied (e.g. Harris et al., 2002; Heap and Harris, 2002; Harris and Heap, 
2003; Ryan et al., 2003; Heap et al., 2004), yet its focus on whole systems rather than 
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habitats within systems reduces its usefulness for local managers and also for testing 
correlations with fauna, which typically vary markedly throughout an estuary.  
One habitat classification approach that meets most of the above criteria, albeit for 
nearshore marine waters, is that developed along the lower west coast of Australia by 
Valesini et al. (2003).  This scheme is quantitative, applicable at local to regional scales and 
based on ecologically-relevant environmental criteria that are easily measured from readily 
available maps of the region.  Furthermore, since each of these criteria are largely enduring 
in nature, the resultant classification is applicable over any temporal scale.  A deficiency in 
this scheme, however, is that it involves a subjective a priori separation of habitat types in 
its initial phase.  While the distinctions among these habitats were later validated 
statistically, this scheme did not demonstrate that they were necessarily optimal. 
This component of the current study firstly outlines the production of a quantitative 
approach for classifying local-scale habitats within estuaries that meets each of the criteria 
outlined above, which was developed in conjunction with several other co-authors and 
published in Valesini et al. (2010).  This study then focuses, uniquely, on applying that 
approach to each of four diverse estuaries along the south-west coast of Australia that differ 
broadly in their geographical locations, morphology and frequency with which their mouths 
are open to the sea, i.e. the Swan-Canning Estuary, Peel-Harvey Estuary, Wilson Inlet and 
Wellstead Estuary. The second main objective was to then compare the extent to which 
habitat types differed significantly between, as opposed to within, estuaries by reapplying 







2.2 Materials and Methods 
2.2.1 Study area 
 The study area lies between 32-35oS and 115-119oE and is bordered by two oceans, 
the Indian Ocean on the west coast of Western Australia and the Southern Ocean on the 
south coast (Fig. 2.1).  It is microtidal (< 2 m) and has predominantly diurnal tides with a 
mean daily range of approximately 0.4 – 0.8 m (Department of Defence, 2011; Bureau of 
Meteorology, 2012).  This region experiences a Mediterranean-type climate with hot, dry 
summers (December to March) and cool, wet winters (June to September; Balla, 1994), and 
coastal winds are dominated by a meridional shift in the position of a subtropical high-
pressure belt.  Thus, during summer, this belt lies at its southernmost limit of 40oS, 
resulting in a net southerly wind system.  Contrasting land-sea temperatures cause a switch 
between strong south-easterly land breezes in the morning and strong south-westerly sea 
breezes in the afternoon.  In winter, the high-pressure belt migrates northwards to about 
30oS, allowing the eastward passage of traveling cyclones and storm fronts and results in a 
much more variable wind system (Pearce et al., 2006).  For approximately 60% of the year, 
however, the winds along this coast are south to south-westerly, sometimes reaching speeds 
of 25 knots (40 kph), and are thus highly influential on the nearshore processes in this 
region (Eliot et al., 2006). 
 Sea water temperature ranges seasonally from about 15 to 23oC near Fremantle on 
the lower west coast and is about 2oC cooler on the south coast.  The small temperature 
range is attributable in part to the Leeuwin Current, an eastern boundary current that flows 
southward along the continental shelf of Western Australia and brings warm, low salinity 
water from the tropical north of the State (Cresswell, 1991; Hodgkin and Hesp, 1998). The 
strength of the Leeuwin Current is highly seasonal and is typically strongest in winter and 
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Figure 2.1: Map of south-western Australia showing the location of the four study estuaries. 
         Inset (a) shows the location of the south-west coast in Western Australia.
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strong southerly winds along the lower west coast result in the northward flow of a narrow, 
cooler stream of water inshore of the Leeuwin Current, namely the Capes Current (Pearce 
and Pattiaratchi,1999).  In the nearshore waters along this coast, localised water circulation 
patterns are highly seasonal, with a consistent northward flow of water during summer and 
a general southward flow in winter, reflecting local wind patterns (Pearce et al., 2015).   
 
2.2.2 Study estuaries 
The four morphologically-divergent study estuaries are located along both the lower 
west coast (Swan-Canning and Peel-Harvey estuaries) and south coast (Wilson Inlet and 
Wellstead Estuary) of Western Australia.  The first two of these systems are permanently-
open to the sea while the latter two are seasonally-open and normally-closed, respectively. 
Both the Swan-Canning and Wellstead estuaries are drowned river valley systems, while 
the Peel-Harvey Estuary is a combination of an inter-barrier and basin estuary and Wilson 
Inlet is a basin system (Hodgkin and Clark, 1988; Stephens and Imberger, 1996; Hodgkin 
and Hesp, 1998; Water and Rivers Commission, 2002; Brearley, 2005).  Further detail on 
the size, depth, catchment, substrate, vegetation and dominant fisheries of each of these 
systems is given in Table 2.1.  
 
2.2.3 Enduring environmental variables and measurements 
2.2.3.1 Variable categories and data sources 
A suite of enduring environmental variables were initially measured at a large number of 
environmentally-diverse sites throughout the nearshore shallow waters (<2 m deep) of each 
study estuary to provide the basis for quantitatively distinguishing among their various 
habitat types.  The sites in each system, defined as all waters within a 100 m radius of a 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































several field reconnaissance trips.  Sites were positioned to best capture, as far as feasible, 
the full extent of environmental diversity throughout each estuary, with 101 and 102 sites 
selected throughout the Swan-Canning and Peel-Harvey Estuaries, respectively, and 60 and 
34 sites in the Wilson Inlet and Wellstead Estuary, respectively (Figs 2.7, 2.10, 2.13 and 
2.15).  Note that sites were not positioned in those areas of each estuary where the 
nearshore geomorphology obviously precluded safe and effective faunal sampling, such as 
very steep banks, vertical rockwalls or highly industrialised areas such as ports, e.g. in the 
tidal rivers of Wilson Inlet, the Dawesville Channel of the Peel-Harvey Estuary and the 
channel area closest to the mouth of the Swan-Canning Estuary. 
The enduring environmental variables were assigned to one of three broad 
categories, namely (i) location within the estuary, particularly with respect to vicinity to 
marine vs freshwater sources, (ii) exposure to wave action and (iii) substrate/submerged 
vegetation type.  The first of these categories, represented either by a sites’ distance from 
the estuary mouth or by its latitude and longitude coordinates, was considered to provide a 
surrogate for the numerous physico-chemical aspects of the water column that typically 
change spatially throughout an estuary, such as salinity, temperature, dissolved oxygen 
concentration, turbidity and water colour.  The wave exposure category was represented by 
seven variables, namely the average slope of the substrate, modified effective fetch along 
northerly, easterly, southerly and westerly bearings and that perpendicular to the beach 
aspect (direct fetch), and distance to the wave shoaling margin (typically the 2 m depth 
contour).  Each of these variables were considered to contribute to the potential wave 
activity generated by local winds and/or the extent of shoaling or refraction as waves 
approached the shoreline.  The last of the above categories comprised the benthic area of 
each site covered by different substrate or submerged vegetation types, including bare sand, 
rock, subtidal macrophytes (seagrass and/or macroalgal beds), littoral macrophytes (reeds 
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or samphire), bivalve beds (dense aggregations of dead large bivalve shells), submerged 
tree branches (snags) and artificial structures such as jetties. A summary of the enduring 
environmental variables measured at each site in each estuary, including their units of 
measurement, is given in Table 2.2.  Details on their measurement are given in subsection 
2.2.3.4.       
All measurements for the above enduring environmental variables at each site were 
derived either from remotely-sensed images (aerial photos or satellite images) or depth- 
sounding (bathymetric) data for each system, and were undertaken using Geographic 
Information Systems (GIS) software IDRISI Kilimanjaro v14 or ArcView v9.1 (with the 
add-on program X Tools Pro v5.3) unless otherwise specified.  Aerial photos taken in 
summer 2003 were employed for the Swan-Canning and Peel-Harvey estuaries, which had 
a 40 cm resolution (i.e. one image pixel = 40 cm on the ground).  Quickbird satellite images 
taken in summer and winter 2005 (1.4 m resolution) were used for the Wilson Inlet and 
Wellstead Estuary, respectively.  Bathymetric data for the Swan-Canning and Peel-Harvey 
estuaries and the basin and channel of the Wilson Inlet was obtained from the Department 
of Regional Development and Lands.  This comprised latitude, longitude and depth 
measurements (X, Y and Z coordinates, respectively) for points spaced approximately 1 m 
apart throughout each system.  While most of this data was available electronically for the 
Swan-Canning Estuary and Wilson Inlet, it was only available in hard-copy format 
projected as topographic maps for the Peel-Harvey Estuary, and thus had to be scanned, 
hand-digitised and geo-referenced (using a combination of the Geodetic Datum Australia 
[GDA 94] and the Universal Transverse Mercator Zone 50 south [UTM-50s]) to produce an 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































No previously recorded bathymetric information was available for the Wellstead 
Estuary or tidal rivers of the Wilson Inlet.  Georeferenced depth-sounding data throughout 
the first of these systems was thus obtained using a boat-mounted Global Positioning 
System (GPS; resolution of ± 1.5 m) and depth-sounder to record X, Y and Z 
measurements every three seconds along transects spaced approximately 5 m apart.  This 
was also attempted in the upper reaches of Wilson Inlet, but dense overhead tree growth 
prevented the ability to detect a GPS signal.  Moreover, as the very steep banks and 
predominantly deep (>2 m) waters in these reaches would have made the collection of 
nearshore hyperbenthic fauna very problematic, they were excluded from further 
examination in this study.   
 
2.2.3.2 Data preparation and pre-treatment 
Due to their large size, the images of each estuary were initially cut into manageable 
sections using ER Viewer 7.0.  Each section was then imported into IDRISI where they 
were firstly split into three component images representing the red, green and blue colour 
bands, then subjected to the following pretreatments to either (i) delineate areas of interest 
or (ii) minimise spectral “noise”. 
 
Delineating estuary outlines and sites 
The estuary outline in each image section, including both the shoreline and any 
major artificial structures such as marinas and jetties, was traced digitally in IDRISI.  A 
vector file containing the shore-based points for all sites was then produced and used to 
extract the latitude and longitude coordinates for each.  The latter file was then overlaid on 
the former in ArcView and the module BUFFER used to delineate waters within a 100 m 




Corrections for noise and depth 
Principal Components Analysis (PCA) was then undertaken on each colour band of 
each image to eliminate spectral “noise” produced by differences in lighting conditions on 
the day each image was taken.  The resultant images for each of the first three principal 
components (PC) were then multiplied together using their corresponding eigenvector 
values and summed, e.g. 
Red Band = (PC1*EV1) + (PC2*EV2) + (PC3*EV3) 
Where: 
PC1, 2 and 3 = the first, second and third PC. 
EV1, 2 and 3 = the corresponding eigenvector value for PCs 1, 2 and 3. 
The resultant set of “noiseless” images were then subjected to the STRETCH module in 
IDRISI to restore them to their original (256 bit) size and then corrected for the influence of 
water depth on the light reflectance of the substrate using Lyzengas’ (1978) water column 
correction (Mumby et al., 1998).  This involved linear regression analysis on pairs of 
spectral bands to obtain the slope which was inserted into the following equation: 
Band red/green = ln(red band)-(slope)*ln(green band) 
These images were then converted back to their original (256 bit) size using the STRETCH 
module. 
 
Creating a Digital Elevation Model 
 The depth-sounding data for each estuary was imported into IDRISI and the 
RASTERVECTOR module used to create a vector file.  This file was then subjected to 
interpolation using the linear Triangulated Irregular Network (TIN) module to produce a 
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Digital Elevation Model (DEM) of each system (e.g. Fig. 2.2).  A contour delineating the 
wave shoaling margin (i.e. waters ≤ 2 m in depth) was constructed from each DEM using 
the CONTOUR module, and then exported to Arcview 9.1 to incorporate it with the estuary 
outline.   
 
Masking unwanted areas 
The zones of each estuary that were beyond the area of interest (i.e. land and waters 
> 2 m deep) were then masked out on the noise and depth corrected images by firstly 
converting the vector file of the estuary outline and 2 m depth contour to a raster image 
using the RASTERVECTOR module.  This image was then subjected to the RECLASS 
module to produce two separate images, one in which unwanted areas were classified as  
 “0” (masked) and another in which all remaining areas were classified as “1” (not masked).  
The masked and unmasked images were then multiplied using the module OVERLAY to 
produce a composite image for each estuary that delineated only the areas of interest.   
 
2.2.3.3 Mapping substrate and submerged vegetation types 
The prepared images of each estuary (except Wellstead; see below) were next 
subjected to an unsupervised classification (CLUSTER) in IDRISI to assign each pixel to 
one of ten nominal benthic classes on the basis of differences in their spectral signatures.  
Field reconnaissance indicated, however, that several of those groups likely represented the 
same benthic category under different light or water conditions, and they were thus then 
merged into three broad and distinct categories, namely bare unconsolidated substrate (sand 
and mud), rock and submerged vegetation (seagrass and macroalgae).  Further image-based 













Figure 2.2: A Digital Elevation Model (DEM) of a section within the Peel-Harvey Estuary.







considerable overlap in their spectral reflectance values or, in the case of seagrass and 
epiphytic algae, to their close physical association.   
The accuracy of the image-based benthic classification was then verified by 
comparing map classifications to field (groundtruthed) observations using an error matrix.  
This was achieved through firstly identifying a circular “subplot” of 5 m diameter in each 
benthic class at each site on the classified map, then visiting each of those subplots in the 
field to determine whether the observed benthic class matched that classified from the 
image.  Subplots were located in the field using a handheld differential GPS with a ± 1.5 m 
accuracy.  Subplots with matching map-classified and field benthic class were given a score 
of 1, while mismatched subplots were scored as 0.  These data were collated into an error 
matrix and used to calculate an overall classification accuracy for each estuary, resulting in 
values of 74% and 76% for the Swan-Canning and Peel-Harvey estuaries, respectively, and 
68% for Wilson Inlet.    
The benthos in the upper reaches of each estuary and also that of the entire 
Wellstead Estuary could not be classified from the remotely-sensed images as the turbidity 
or tannins in the overlying waters prevented the substrate from being visible.  Benthic 
classification in these cases was thus carried out entirely through groundtruthing.  Thus, at 
each site in the above areas, eight transects lying perpendicular to shoreline were positioned 
at 20 m intervals and extended offshore until either the 2 m depth contour or a distance of 
100 m was reached.  Each transect was snorkeled, the percentage cover of each benthic 
class within a 2 m swath estimated, and the values for each class then averaged across 
transects.  This also led to the identification of several additional benthic classes in the 
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nearshore waters, including reeds, samphire, artificial structures such as jetties, bivalve 
beds (i.e. aggregations of dead, large bivalve shells) and snags (i.e. submerged fallen trees).  
 
2.2.3.4 Measurement of enduring environmental variables 
 The composite masked images, DEM and/or benthic maps described in subsections 
2.2.3.2 and 2.2.3.3 provided the data sources for measuring each of the following enduring 
environmental variables at each site in each study estuary.  
Location 
The location of any site within an estuary with respect to its vicinity to marine and 
freshwater sources was measured in one of two ways, depending on the overall morphology 
of the system.  For those estuaries that generally had a linear morphology with marine and 
freshwater sources located at opposite ends of the system (i.e. the Swan-Canning and 
Wellstead estuaries), site locations were reflected by their distance from the estuary mouth 
as measured along a “midline” constructed down the longitudinal axis of the estuary.  This 
midline was constructed in ArcView 9.1 by calculating the midpoint between opposing 
banks at regular intervals, then joining the successive points (Fig. 2.3). Lines were then 
extended directly from each site until they intersected the midline, and the distance between 
this intersection point and the estuary mouth, as measured along the midline, was calculated 
using the table operations in X Tools Pro.  Alternatively, for estuaries with irregular, non-
linear morphologies (i.e. the Peel-Harvey Estuary and Wilson Inlet), site locations were 
quantified using their latitude (X) and longitude (Y) co-ordinates in the UTM-50s 
geographical system.   
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500 m
Figure 2.3: An example of the midline used to measure site distance from the estuary mouth
                    in systems with an essentially linear morphology.






Exposure to wave activity 
Each of the cardinal fetches and direct fetch were measured using the following 
methodology for modified effective fetch (MEF; Coastal Engineering Research Centre, 
1977).  This method incorporates a range of fetches within a limited arc of a bearing of 
interest, and thus provides a more comprehensive reflection of wave exposure than a single 
fetch line, particularly in areas with highly irregular shorelines such as estuaries.  In the 
current case, four component fetch lines radiating at successive 9o intervals either side of 
the bearing of interest were extended from each site until they intercepted an opposing 
shoreline or emergent feature (e.g. Fig. 2.4).  The lengths of all nine lines were then 
measured using the Linear Directional Mean module in Arcview 9.1, with any lines 
extending entirely over land being recorded as zero.  The MEF values for each bearing 




where:  xi = length (m) of fetch i 
 i = the angle of deviation from fetch i 
The distance to the wave shoaling margin from each site was determined by 
trimming the MEF lines for direct fetch at the point at which they reached the 2 m depth 
contour, then recalculating MEF as described above.  
 
 
∑ (xi * cos i) 
∑ cos i 
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250 m
Figure 2.4: An example of the component fetch lines used in the modified effective 
                    fetch calculation for a bearing of interest (black line) at each site. 






Lastly, the average slope of the substrate at each site was calculated by averaging 
the slopes of every plane surface in the site area by applying the IDRISI modules SLOPE 
and EXTRACT to the DEM of each system.    
Composition of the substrate and submerged vegetation 
The percentage contribution of each substrate and submerged vegetation type at 
each site was calculated either by applying the IDRISI CROSSTAB module to the benthic 
classification maps described in subsection 2.2.3.3 (see also Fig. 2.5) or, where those 
classifications could not be produced, directly from the groundtruthing data (see 2.2.3.3). 
   
2.2.4 Identification of habitat types 
The following analyses to identify the various habitat types present firstly within 
each individual estuary and secondly among all estuaries on the basis of their enduring 
environmental characteristics, were carried out using the multivariate statistics package 
PRIMER v6 (Clarke and Gorley, 2006).  
 
2.2.4.1 Data pretreatment 
Prior to analysis, pairwise Draftsman plots were used to identify (i) the extent to 
which the data for any of the above characteristics were left or right skewed, and thus the 
most appropriate type of transformation required, if any, to ameliorate any such effect and 
(ii) also whether any variables were highly correlated and could thus be removed from 
further analyses (Table 2.2).  These data were then normalised to overcome the problem of 








Figure 2.5: Benthic classification map showing the percentage contribution of the various 
                    substrate/submerged vegetation types within a section of the Peel-Harvey Estuary.  
                    Black arcs delineate site boundaries. 
         Inset (a) shows the location of the section within the estuary.   
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common scale.  Lastly, to ensure that each of the three broad categories of enduring 
environmental variables contributed equally to the analyses, each variable was then 
weighted according to the total number of variables in its category.  To achieve this, it was 
assumed that each category contributed an equal and arbitrary proportion of 100% to the  
total matrix, and the weight of any individual variable was then calculated by dividing 
100% by the total number of variables in its category.  For example, the “wave exposure” 
category contained seven variables, so each component variable was assigned a weight of 
100/7=14.28%.  The weights assigned to all variables in each estuary are given in Table 
2.2.  
 
2.2.4.2 Habitat classification within each estuary 
 The pretreated enduring environmental data for each individual estuary was initially 
used to calculate a Manhattan distance matrix containing all pairs of sites.  This matrix was 
then subjected to a hierarchical agglomerative clustering procedure (CLUSTER) using 
group-average linkage, with the Similarity Profile (SIMPROF) routine simultaneously 
employed.  The latter routine tests for evidence of significant “structure” among samples 
for which there is no a priori grouping framework (Clarke et al., 2008) and, when used in 
conjunction with CLUSTER, performs a test at every node of the dendrogram (except 
where a test at a broader division has returned a non-significant result) to determine 
whether the group being sub-divided contains any significant internal structure.  SIMPROF 
thus allows objective detection of the point at which further clustering should be 
discontinued.  The null hypothesis that there were no significant enduring environmental 
differences among sites (i.e. no internal structure) was rejected if the significance level (p) 
associated with the test statistic (π) was < 1%.  The resultant dendrograms for each estuary 
thus indicated those groups of sites that did not differ significantly in their enduring 
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environmental characteristics and thereby comprised different habitat types.  Habitats 
represented by single sites were considered outliers and removed from further analysis, 
since replicate sites were considered best to support faunal sampling regimes within each 
habitat.  Non-metric multidimensional scaling (MDS) ordination plots were also 
constructed from the above Manhattan distance matrices to better illustrate the relationships 
between the various habitat types. 
 
2.2.4.3 Habitat classification among estuaries 
 To ascertain whether the habitat types identified within each estuary were unique or 
if their characteristics were statistically indistinct from those in other estuaries, the enduring 
environmental data recorded at all sites across all four estuaries was combined then 
analysed using the same statistical approach described in subsection 2.2.4.2.  These 
analyses, however, comprised three different variants to examine the impact of 
geographical location along the south-western Australian coastline and/or estuary bar state 
on the resultant classification of habitat types. Note that, in each of these analyses, site 
locations in all estuaries were defined by their latitude and longitude co-ordinates to 
achieve consistency across systems.   
The first of the above analyses employed the standard suite of enduring 
environmental data across all four estuaries (subsequently referred to as the “true 
geographical location of estuaries”). The second employed modified data for the site 
latitude and longitude co-ordinates, which were derived after overlaying each estuary on a 
common geographical location.  This analysis was used to examine whether the habitat 
differences detected in the first analysis were simply driven largely by those in the 
geographical location of the various estuaries, or whether other enduring features were 
responsible (subsequently referred to as the “common geographical location of estuaries”).  
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Lastly, to better account for the key differences among the four estuaries in their 
connectivity to the sea, the third analysis built on the second by also incorporating an extra 
variable for bar-state, i.e. sites in permanently-open estuaries were coded as 1, seasonally 
open estuaries were coded as 2 and those in normally closed estuaries were coded as 3 
(subsequently referred to as the “common geographical location of estuaries with bar-state 
added”).   Given that this new variable fell into a new category, the full matrix was re-
weighted accordingly.   
 
2.3 Results 
2.3.1 Identification of habitat types within each estuary 
2.3.1.1 Swan-Canning Estuary 
The 101 nearshore sites throughout the Swan-Canning Estuary were shown by 
CLUSTER and SIMPROF to represent a total of 18 significantly different habitat types 
(Fig. 2.6a), the location of which are shown in Fig. 2.7.  The pattern of differences in the 
environmental composition of these habitats is also summarised in the MDS plot shown in 
Fig. 2.8a.     
The most environmentally distinct habitat, A, which clearly split from the remainder 
at the highest dissimilarity level (Fig. 2.6a) and was positioned on the far left of the MDS 
plot (Fig. 2.8a), was located the greatest distance from the estuary mouth.   It was highly 
sheltered from wave activity, as reflected by its small fetches in all directions, and had the 
greatest quantity of snags and reeds.  Also unlike most other habitat types, A contained no 
vegetation or rock (Fig. 2.9).  Habitat B, which also separated from the remainder at a 
relatively high dissimilarity level and formed a discrete group towards the bottom of the 
MDS plot, contained only two sites located in the downstream reaches of the Swan River 










































































































































Figure 2.6: Dendograms derived from subjecting the enduring environmental data measured at each study 
       site in the (a) Swan-Canning Estuary and (b) Peel-Harvey Estuary to CLUSTER and SIMPROF. 
       Groups of sites marked by red lines are those which do not contain significant differences and 







































































































































































































































































































































































   



























































   
   
   
   
   



















































































































































































































2D Stress: 0.122D Stress: 0.13
(b) Peel-Harvey Estuary(a) Swan-Canning Estuary
2D Stress: 0.20
(c) Wilson Inlet (d) Wellstead Estuary
2D Stress: 0.12
Figure 2.8: MDS ordination plots derived from the enduring environmental data recorded at each  
         site in the (a) Swan-Canning Estuary, (b) Peel-Harvey Estuary, (c) Wilson Inlet and
         (d) Wellstead Estuary.  Each site has been coded according to the habitat to which it







































































































































































































































































































































   
   






































   








   


















   
   
   
   





























































































































vegetation, but was unique in that nearly half of its substrate consisted of large dead bivalve 
shells (Fig. 2.9m).   
The CLUSTER procedure then split the remaining habitat types into two broad 
groups, one containing all of those in the estuary basin, Canning River and lower Swan 
River (C, F, G, J, K, L, O, P, Q and R) and the other containing those in the entrance 
channel (E, D, H, I, M and N; Fig. 2.6a).  The first of these groups spanned the middle 
region of the MDS plot in Fig. 2.8a, while the latter was located to the far right and lay the 
greatest distance from habitat A in the upper reaches.  Within the first of these groups,  
habitat C was clearly the most distinct and represented 17 sites throughout the lower Swan 
and Canning rivers.  Similarly to habitat A, C was best distinguished from others in its 
broad group by its greatest distance from the ocean, shortest direct fetch, lowest proportion 
of submerged vegetation and presence of snags and reeds (Fig. 2.9).  The environmental 
similarity between these two habitats is reflected by their close proximity and gradational 
patterns on the MDS plot in Fig. 2.8a.  The remaining habitats in this broad group clustered 
into three smaller groups, namely J, O and P (located in the smaller second basin and 
Canning River), F and G (located in the north of the main basin) and K, L, Q and R (located 
in the south of the main basin) which, aside from their locations, were best distinguished by 
differences in their fetch characteristics (Fig. 2.9).  The relatively low dissimilarity at which 
these habitats separated, as well as their proximity on the MDS plot, demonstrates their 
relatively high level of environmental similarity (Figs. 2.6a, 2.8a). 
The channel habitats D and E were the most distinct within the second of the above 
broad groups, illustrated clearly by their tendency (and particularly that of D) to form 
discrete groups on the far right of the MDS plot (Fig. 2.8a).  For the first of these habitats, 
this reflected its far greater proportion of rocky substrate than any other habitat type 
throughout the estuary and, when compared to other habitats in the channel, its 
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substantially lower proportion of vegetation, steeper slope and complete shelter from 
westerly and southerly winds (Fig. 2.9).  Habitat E was distinctive given that it was closest 
to the estuary mouth and, compared to other channel habitats, contained the least amount of 
rock (Fig. 2.9).  The remaining habitats in this group were distinguishable by their fetch 
characteristics (i.e. H and I) or by their steep banks and/or narrow wave shoaling margins 
(i.e. M and N; Fig 2.9). 
 
2.3.1.2 Peel-Harvey Estuary 
 The CLUSTER and SIMPROF procedures identified 17 significantly different 
habitat types among the 102 nearshore sites throughout the Peel-Harvey Estuary, after three 
outliers represented by single sites were removed (Fig. 2.6b).  An MDS plot derived from 
these data is shown in Fig. 2.8b, and the location of each habitat throughout the estuary is 
given in Fig. 2.10. 
   Habitat types were initially split into two distinct groups, one of which contained all 
of those in the tidal rivers (i.e. A, D, E, N and O) and the other of which contained those 
throughout the basins and entrance channel (i.e. B, C, F-M, P and Q; Figs 2.6b and 2.8b).  
The main enduring environmental characteristics that distinguished the riverine habitats 
from the remainder included their exceptionally small fetches in all directions, the presence 
of considerable quantities of snags on the substrate, the lack of any seagrass/macroalgae 
and their steeply sloping banks (Fig. 2.11).  Within this broad group, the most distinct 
habitat (A) was the only one that contained artificial structures such as jetties (Fig. 2.11).  
Division of the remaining habitats was due largely to differences in substrate/aquatic 
vegetation composition, with D and E (located in the Serpentine River and mouth of the 
Murray River) containing less snags but more reeds and especially samphire than N and O 
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Figure 2.10: Map of the Peel-Harvey Estuary showing the location of the 102 nearshore study sites and 
           the habitat type to which each site was assigned by the CLUSTER and SIMPROF 
           procedures.  Inset (a) shows the location of the Peel-Harvey Estuary in Western Australia. 
           Inset (b) shows an aerial photo of the Peel-Harvey Estuary, looking over the Dawesville










































































































































































































































































































































































































   
   















































   

















   
   
   
   














































The second of the above broad groups of habitats separated into two smaller ones at 
a relatively high level of dissimilarity, i.e. B, H, I, L M and C, F, G, J, K, P, Q (Fig. 2.6b).  
The first, which lay to the upper right of the MDS plot in Fig. 2.8b, then split into two 
distinct groups, one of which contained habitats B, H and I located in the basins and easily 
distinguishable by their fetch characteristics, and the other of which contained habitats L 
and M in the channel that were characterised by steeply sloping banks and small fetches 
(Figs 2.6b, 2.10, 2.11).  The second group within this broad cluster lay to the bottom right  
of the MDS plot and separated into four subgroups, namely C; F and G; J and K; and P and 
Q.  The comparative uniqueness of habitat C reflected its relatively high amount of 
vegetation and rock, small direct fetch and comparatively narrow wave shoaling margin.  
Conversely, habitats F and G had the greatest direct fetch and wave shoaling margin and 
were further distinguished by their essentially flat substrates.   Habitats J and K were 
differentiated by their large easterly fetch and small westerly and southerly fetches, while P 
and Q had among the greatest southerly fetches and contained the least amount of 
submerged vegetation (Fig. 2.11).   
     
2.3.1.3 Wilson Inlet 
 Fifteen significantly different habitat types were identified throughout Wilson Inlet 
by CLUSTER and SIMPROF (Fig. 2.12a), the spatial distribution of which is shown in 
Fig. 2.13. 
Habitat A, located in the south-east corner of the basin, split away from the 
remainder at by far the greatest dissimilarity level in the CLUSTER analysis (Fig. 2.12a) 






















































































Figure 2.12: Dendograms derived from subjecting the data for the enduring environmental variables measured at 
         each study site in the (a) Wilson Inlet and (b) Wellstead Estuary to CLUSTER and SIMPROF. Groups 
         of sites marked by red lines are those which do not contain significant differences and thus represent 

































































































































































































































   
   





























































   
   






























































































































was attributable mainly to its far greater proportion of rocky substrate than at any other 
habitat throughout the system (i.e. ca 25 % vs < 5 %; Fig. 2.14k). 
CLUSTER then split the remaining habitat types into two broad groups, one of 
which contained all of those in the channel and southern half of the basin (i.e. B, C, D, E, I 
and J, positioned towards the bottom half of the MDS plot in Fig. 2.8c), and the other of 
which comprised those in the northern half of the basin (i.e. F, G, H, K, L, M, N and O, 
which lay in the upper half of the MDS plot in Fig. 2.8c).  The most distinct habitat in the 
first of these groups, namely B, which was located on the south-east coast of the basin, was 
distinguishable mainly by the presence of rock in its substrate (Fig. 2.14k).  Of the  
remaining habitats in this group, D and E were distinguished by their comparatively steeper 
slope, narrower wave shoaling margins and highly vegetated substrates, while the 
remaining habitats differed mainly in their fetch characteristics (Fig. 2.14). 
The second of the above broad groups of habitat types clustered into four main 
smaller ones, namely F; G; H, L and M; and K, N and O.  These habitats could be 
differentiated mainly by their fetch, bathymetric and submerged vegetation characteristics.  
For example, K, N and O had comparatively large westerly fetches, wide wave shoaling 
margins, shallow slopes and only small quantities of submerged vegetation (Fig. 2.14), 
whereas habitats H, L and M had the greatest amount of submerged vegetation and, unlike 
any other habitat in that broad group, also contained rock (Fig. 2.14).  Habitat F was 
distinguished by its comparatively greater easterly fetch and complete shelter from westerly 
winds, while G had the smallest direct fetch (Fig. 2.14). 
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2.3.1.4 Wellstead Estuary 
 The 34 sites throughout the small Wellstead Estuary separated into six significantly 
different habitat types (Fig. 2.12b), the locations of which are shown in Fig. 2.15. 
 A major division of habitats occurred at a comparatively high level of dissimilarity 
in the CLUSTER dendogram, separating all of those in the lower half of the estuary (i.e. A, 
C and D) from those in the upper half (i.e. B, E and F; Figs 2.12b, 2.15).  In addition to 
their locational differences, these groups of habitats were clearly distinguishable by the fact 
that the former contained submerged vegetation, had wide wave shoaling margins and 
comparatively large direct fetches, whereas the opposite was true for the latter group.  A 
gradational shift from the uppermost habitat (F) to the lower most habitat (C) is also clearly 
evident on the MDS plot in Fig. 2.8d.   
The most distinct habitat, A, which was located towards the middle estuary, 
contained the largest proportions of reeds and snags but least rock and samphire of any 
other throughout the system.  It also had the greatest easterly and northerly fetches but 
smallest westerly fetch (Fig. 2.16).  Habitat C, located closest to the estuary mouth, differed 
from the adjacent habitat D mainly in its benthic cover and fetch characteristics.  For 
example, the first of these habitats had a far greater quantity of submerged vegetation, and 
indeed the greatest of any throughout the estuary, while the reverse was true for rock.  The 
southerly fetch at D was also far larger than at any other habitat (Fig 2.16). 
Habitat B in the middle reaches of the system was distinguishable from the other 
two habitats further upstream mainly by its greater proportion of rock, reeds and snags, 
lower quantities of samphire and its larger direct and westerly fetches (Fig. 2.16).   In 
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Figure 2.15: Map of the Wellstead Estuary showing the location of the 34 nearshore study sites and the 
           habitat type to which each site was assigned by the CLUSTER and SIMPROF procedures. 
           Inset (a) shows the location of the Wellstead Estuary in Western Australia. Inset (b) shows 
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differentiated by its steeply sloping substrate, particularly narrow wave shoaling margin 
and small direct fetch (Fig. 2.16).   
 
2.3.2 Comparison of habitat types among all estuaries 
2.3.2.1 True geographical location of estuaries 
When the enduring environmental data for all four estuaries, including their true 
latitude and longitude co-ordinates for site locations, were simply combined and subjected 
to CLUSTER and SIMPROF, 37 different habitat types (excluding one outlier site) were 
identified (Fig. 2.17, Appendix 1).  In all but one case (habitat AI), the sites comprising 
each habitat type came from single rather than multiple estuaries. 
A major division of habitats occurred at a comparatively high level of dissimilarity, 
separating those in the two west coast estuaries (Swan-Canning and Peel-Harvey) from 
those in the two south coast systems (Wilson Inlet and Wellstead Estuary).  Moreover, all 
habitats within the Wellstead Estuary clearly separated from those in Wilson Inlet, also at 
high dissimilarity level. These major divisions are also illustrated on the MDS plot in 
Fig. 2.18a, with all samples from the Swan-Canning and Peel-Harvey estuaries forming a 
discrete group to the left, and all of those from the Wilson and Wellstead lying to the 
bottom and top right, respectively.  While there was also a tendency for sites from the 
Swan-Canning Estuary to form separate habitats from those in the Peel-Harvey, this was far 
less pronounced (Figs 2.17 and 2.18).  The more obvious divisions among habitats from 
these two permanently-open systems were instead based on broad estuarine regions.  This is 
readily visible on the MDS plot in Fig. 2.18b, where the most environmentally distinct 
habitats in these estuaries (top left of the plot) are located in the tidal rivers, which then 


















































Figure 2.17: Dendogram derived from subjecting the enduring environmental data at each study site in the 
                      Swan-Canning Estuary (     ), Peel-Harvey Estuary (     ), Wilson Inlet (     ) and Wellstead 
                      Estuary (     ) to CLUSTER and SIMPROF. Groups of sites marked by coloured lines are those 
                      which do not contain significant differences and thus represent habitat types.      denotes 
           single sites considered to be outliers. The individual sites assigned to each habitat are 








Swan-Canning Peel-Harvey Wilson Wellstead
(a) 
(b)
Figure 2.18: MDS ordination plots derived from the enduring environmental data recorded 
                      at all sites in all four estuaries positioned in their true geographical locations. 
                      Samples are coded for (a) estuary, (b) broad region within the estuary and 
                      (c) habitat, as determined by CLUSTER and SIMPROF (see Fig. 2.17). 
























































































































2.3.2.2 Common geographical location of estuaries  
A total of 57 habitats, excluding four outliers, was detected by CLUSTER and 
SIMPROF after all four estuaries were overlaid on a common geographical location and 
their original site co-ordinates recalculated (Fig. 2.19).  The separation of habitats differed 
markedly from that in the above subsection in that sites from the Wilson Inlet and 
Wellstead Estuary no longer segregated from those in the Swan-Canning and Peel-Harvey 
estuaries at a high dissimilarity level, but instead intermingled to form mixed-estuary 
habitats and only formed single-estuary habitats at relatively low dissimilarity levels (Figs 
2.19 and 2.20; Appendix 2).   
The most distinct habitats (A-C) comprised sites in the tidal rivers of the Swan-
Canning and Peel-Harvey estuaries and formed discrete groups on the left of the MDS plot 
in Fig. 2.20b.  These habitats then graded into others within the upper reaches of these two 
systems and the Wellstead Estuary (i.e. habitats D, G, N, P, T, AC, AD, AE, AF, AG, AH, 
AI), then into a tightly clustered group of basin habitats, from the Swan-Canning, Wilson 
and Wellstead systems (i.e. habitats K, L, M, O, S, V, W, X, Y, AB, AJ, AK, AN, AO, AR, 
AV, AW, AX, AY, AZ, AaB, AaD; Fig 2.20b).  Habitats in the entrance channels of all 
four estuaries (i.e. habitats L, M, U, AL, AM, AP, AQ, AR, AS, AaA, AaC) also formed a 
tightly clustered but pronounced group immediately below the above basin habitats.  All 
habitats within the basins of the Peel-Harvey Estuary (E, F, H, I, J, Q, Z, AA, AT, AU), 
with the exception of habitat R, lay to the far right of the MDS plot in Fig. 2.20b, and were 
clearly distinct from those basins in the other systems.  They were best distinguished by 
their relatively high proportion of submerged vegetation and particularly shallow sloping 




Figure 2.19: Dendogram derived from subjecting the enduring environmental data at each study site in the 
                      Swan-Canning Estuary (     ), Peel-Harvey Estuary (     ), Wilson Inlet (     ) and Wellstead 
                      Estuary (     ) to CLUSTER and SIMPROF after each estuary had been overlaid on a common 
                      geographical location. Groups of sites marked by coloured lines are those which do 
           not contain significant differences and thus represent habitat types.    denotes single 
           sites considered to be outliers. The sites assigned to each habitat are given in










































































Swan-Canning Peel-Harvey Wilson Wellstead
Figure 2.20: MDS ordination plots derived from the enduring environmental data
                      recorded at all sites in all four estuaries after each system was overlaid on
                      a common geographical location. Samples are coded for (a) estuary,
                      (b) broad region within the estuary and (c) habitat, as determined by 



































































































































2.3.2.3 Common geographical location of estuaries with bar state added 
 The CLUSTER and SIMPROF analyses undertaken on the above enduring 
environmental data, but also including an extra variable representing estuary bar state, 
produced the greatest number of habitats, i.e. 60.  The separation of habitats was similar to 
that undertaken in subsection 2.3.2.1 on the true geographical location data, in that all 
habitats from the Wellstead Estuary (normally-closed) and Wilson Inlet (seasonally-closed) 
were entirely distinct from each other and especially those in the Swan-Canning and Peel-
Harvey estuaries (permanently-open; Figs. 2.21, 2.22a-c).  The broad trends in habitat types 
formed at subsequent lower levels of dissimilarity were also similar to those described in 
subsection 2.3.2.1 (cf Figs 2.17 and 2.18a-c). 
 
2.4 Discussion 
2.4.1 Habitat classification scheme 
 The approach developed by Valesini et al. (2010) for quantitatively classifying 
local-scale habitats within estuaries has been employed in the current study to separate a 
diverse range of sites within each of four systems along the south-west coast of Australia 
into a series of significantly different habitat types.  It has also been employed to classify 
habitats among all four systems as a collective whole, incorporating additional layers of 
environmental features that become relevant at regional rather than local scales.  
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Figure 2.21: Dendogram derived from subjecting the enduring environmental data at each study site in
           the Swan-Canning Estuary (     ), Peel-Harvey Estuary (     ), Wilson Inlet (     ) and 
           Wellstead Estuary (     ) to CLUSTER and SIMPROF after each estuary had been overlaid 
           on a common geographical location and bar state differences accounted for. Groups of sites
                      marked by coloured lines are those which do not contain significant differences 
           and thus represent habitat types.      denotes single sites considered to be outliers. 













































































Swan-Canning Peel-Harvey Wilson Wellstead
Figure 2.22: MDS ordination plots derived from the enduring environmental data
                      recorded at all sites in all four estuaries after they had been overlaid on
                      a common geographical location and bar state differences accounted for.
                      Samples have been coded for (a) estuary, (b) broad region within the estuary 




























































































Managers and ecologists can use these classifications in a variety of ways.  Firstly, 
they have produced reliable habitat inventories for each study estuary, accompanied by 
detailed summaries of their distinguishing environmental characteristics.  Secondly, they 
provide a sound framework for designing robust sampling regimes to characterise their 
faunal assemblages and thus undertaking biodiversity inventories for each system.  
Together, these inventories have many applications, such as the rapid identification of 
biodiversity hotspots, a comprehensive basis for designing conservation reserve systems, 
and determining the suitability of particular estuarine sites for select human uses such as 
recreational or industrial activities.  The diversity of habitats identified within all four 
estuaries also highlights the fact that broadscale management of these ecosystems is not 
ideal, but rather that management practices need to be tailored at a more intensive scale. 
The habitat classification approach employed in this study satisfies each of the 
criteria outlined in subsection 2.1, namely that it is (i) quantitative, (ii) easy to use, 
(iii) applicable at spatial scales that are appropriate for the needs of local environmental 
managers and ecologists, (iv) applicable at any temporal scale, (v) based on environmental 
data that is readily obtainable from mapped sources and (vi) biologically relevant. 
The use of both quantitative measurements for all classification criteria and the 
combined CLUSTER and SIMPROF procedures to identify habitats has ensured that all 
components of the classification scheme are fully quantitative, and thus that the results are 
easily replicated by different users.  In situations such as the current study where there is no 
a priori framework for grouping samples (sites), the SIMPROF test, particularly when used 
with CLUSTER,  provides a fully objective approach for identifying homogeneous groups 
that differ significantly from each other.  It provides a far superior approach than qualitative 
grouping methods, such as selecting an arbitrary resemblance level as a “cut-off” point or 
subjectively nominating a predetermined number of groups (e.g. Edgar et al., 2000; Connor 
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et al., 2004).  The fully quantitative nature of this scheme contrasts with several others for 
classifying habitats in marine and/or estuarine waters which are, at best, semi-quantitative, 
e.g. Sherman, 1986; Mumby and Harborne, 1999.  
The local spatial scale of the habitats produced in this study means they are highly 
relevant for the needs of estuarine managers and ecologists. They provide a thorough 
assessment of within-estuary variability in a broad suite of environmental variables, and 
also a highly relevant framework for designing robust sampling regimes to test for spatial 
differences in various faunal assemblages throughout the estuary. This contrasts with 
various other schemes devised at broader spatial resolutions, such as those for classifying 
whole estuarine systems (e.g. Heap et al., 2001; Engle et al., 2007), and whose uses are 
targeted more towards characterising broad regional differences in estuarine form and 
function. It also contrasts with schemes that are nested or hierarchical in nature, starting at 
national scales of thousands of square kilometers and ending with local scales of tens of 
metres, which have been designed to encourage a standardised classification approach at 
national scales, e.g. EUNIS (http://eunis.eea.europa.eu / 19/08/11), the Coastal and Marine 
Systems of North America (Madden et al., 2005) and the U.S Marine and Estuarine 
Ecosystem Classification System (Allee et al., 2000).     
The use of environmental criteria to classify habitats has several advantages.  Firstly, 
they are often easier and more cost-effective to measure than biological criteria, particularly 
when they can be derived from widely available mapped data rather than requiring in situ 
field measurements.  Due to the advances in technology, many schemes are now based on 
geophysical criteria derived from remotely-sensed information such as satellite imagery and 
acoustic seabed mapping.  While several of these criteria still require ground validation (as 
in this study, with respect to the benthic cover types that contributed to the scheme), they 
are typically far cheaper and easier to obtain than biological information. Secondly, when 
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environmental criteria are largely enduring in nature, the resultant habitats are applicable at 
many temporal scales. This contrasts with several other schemes based on variables that are 
highly subject to temporal change (e.g. salinity, dissolved oxygen concentration, water 
velocity etc.), and which thus need to be reapplied for each time frame of interest (e.g. 
Howes, 1999; Allee et al., 2000; Connor et al., 2004; Madden et al., 2005). 
It is implicitly assumed that environmental variables used to classify habitats provide 
good surrogates for representing distributions of target biota. There is abundant evidence 
that the three main categories of environmental variables used in the current scheme play 
considerable roles in influencing, either directly or indirectly, the spatial distributions of 
key estuarine fauna such as benthic invertebrates and fish, which play crucial roles in 
estuarine function, are often used as environmental indicators and/or are of socio-economic 
importance (e.g. Grizzle, 1984; Loneragan et al., 1987; Soldner et al., 2004; Shertzer and 
Williams, 2008).  Even so, the correlation between these environmental surrogates and the 
target fauna still needs to be validated (Roberts et al., 2001; Cochrane and Lafferty, 2002; 
Diaz et al., 2004; also see subsection 2.4.5).  If this relationship is demonstrated to be 
reliable, another advantage in employing environmental rather than biological criteria in 
classification schemes is that the resultant habitats can be applied to multiple types of 
fauna, rather than just the biotic group for which they were devised (Naiman and Bilby, 
2001; Roff and Evans, 2002). 
 Lastly, the habitat classification approach that has been developed in this study can 
be readily applied or adapted to other estuaries, and is thus not in any way restricted to 
those in south-western Australia.  This is not the case for several other schemes, which are 
designed specifically for areas of interest, e.g. Howes, (1999; British Columbia), Madley et 
al., (2002; Florida), Connor et al., (2004; Britain and Ireland) and Madden et al., (2005; 
North America).   
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2.4.2 Habitat types within each estuary  
 When applied to each of the four divergent study estuaries, the Valesini et al. (2010) 
habitat classification approach produced a total of 18, 17, 15 and six habitat types for the 
Swan-Canning, Peel-Harvey, Wilson and Wellstead estuaries, respectively.  The notably 
greater number of habitats in the first two of these systems is indicative not only of their 
larger size, particularly when comparing the Peel-Harvey (131 km2) to the Wellstead 
Estuary (2 km2), but also of their more complex morphologies and benthic cover types.  For 
example, both the Swan-Canning and Peel-Harvey estuaries have pronounced narrow 
entrance channels that lead into two wide basin areas then very narrow tidal rivers, and thus 
encompass a wide range of fetches along their length.  This contrasts with the Wilson and 
Wellstead systems, the first of which has a far less distinct constriction near its mouth 
before opening into a single and largely circular basin, and the second of which lacks a 
wide lagoonal opening.  Moreover, with the exception of bare unconsolidated substrate, the 
benthic cover in each of the Swan-Canning and Peel-Harvey estuaries comprised at least 
five categories, including unique ones such as bivalve beds and artificial structures, 
whereas those in Wilson Inlet were represented only by submerged vegetation and rock.  It 
is recognised, however, that the inability in the current study to include the tidal rivers of 
Wilson Inlet has contributed to the lower number of habitats identified in that system. 
The number of habitat types identified in each estuary was generally larger than 
expected.  However, examination of the enduring environmental characteristics at each 
habitat revealed that the distinctions were typically well-substantiated.  For example, while 
the identification of six habitats in the two main rivers of the Peel-Harvey Estuary initially 
seems excessive given their similar morphology and locations, closer examination reveals 
pronounced differences in their benthos (e.g. proportions of samphire, snags and artificial 
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structures like jetties) and also in the slope of their substrates.  To some extent, however, 
the relatively large number of habitats reflects the inherent sensitivity of the SIMPROF test.  
That is, the null hypothesis that a specified set of samples do not differ in their multivariate 
‘structure’ is a comparatively easy one to reject given the multiple testing inherent in this 
approach (Clarke et al., 2008).  It should be noted that, in the current case, the sensitivity of 
this test was minimised by rejecting this null hypothesis only if the significance level was 
<0.01, rather than the commonly adopted 0.05.     
   
2.4.3 Habitat types among all estuaries 
When the enduring environmental data for all sites in all four estuaries was combined 
and reclassified with CLUSTER and SIMPROF, the sites comprising the resultant habitats 
varied considerably depending on which of the three data variants were employed.  
Unsurprisingly, when the true geographical locations of the sites were used, almost all 
habitats comprised sites from only a single estuary. Moreover, habitats in the two west 
coast estuaries, which shared similar longitude co-ordinates, separated from those in the 
two south coast estuaries, which did not share any latitude or longitude co-ordinates with 
the west coast estuaries, at a high level of dissimilarity. Despite sharing some latitude 
coordinates, habitats in the Wellstead Estuary were also notably distinct from those in 
Wilson Inlet, largely reflecting their distinct longitudes.  While there were several other 
unique attributes about the Wellstead Estuary, such as its far smaller size (i.e. 2 km2 vs 48 - 
131 km2; http://www.ozestuaries.org, 16/8/07) and larger proportions of samphire, the 
notion that the distinctness of this system and that of the others was caused primarily by 
their geographical differences was supported by the fact that, when all four estuaries were 
overlaid on a common location and their site co-ordinates recalculated, many of the 
resultant habitats contained sites from multiple estuaries.  The overriding trend in the 
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separation of habitats was instead based on broad estuarine regions, with the most distinct 
habitats being those from the tidal rivers of the Swan-Canning and Peel-Harvey estuaries 
and reflecting their far smaller fetches in all directions, narrow wave shoaling margins, 
steep slopes and the presence of unique benthic categories such as jetties.  It is noteworthy, 
however, that albeit at relatively low dissimilarity levels, some habitats still comprised sites 
only from the Wellstead Estuary, thus reinforcing the uniqueness of this system.   
  The addition of estuary bar state to the second of the above analyses predictably 
resulted in a segregation of habitats that closely followed that when the true site locations 
were used.  Such findings are reflective of the fact that changes in estuary bar state along 
the south-western Australian coastline are closely linked with geographical differences, 
with most systems along the lower west coast being permanently-open, then grading into 
mostly seasonally-open then normally-closed systems along the south coast.  Such 
geographical shifts in estuary bar state occur along several other micro to meso-tidal 
coastlines throughout the world (e.g. South Africa, South America; Cooper, 2001; 
Whitfield and Elliott, 2011), and largely reflect changes in oceanographic and climatic 
conditions.  Anthropogenic modifications to the entrances of several estuaries along the 
lower west coast, including the Swan-Canning and Peel-Harvey, is also a significant factor 
in ensuring they remain permanently-open to the sea (e.g. Commonwealth of Australia, 
2002; Brearley, 2005; Holloway et al., 2009). 
In the context of providing a potential surrogate for representing spatial differences in  
faunal distributions across the four study systems, the combined habitat classification that is 
likely to be the most appropriate will depend, to some extent, on the characteristics of the 
fauna of interest.  For example, the first classification derived from the true geographical 
locations of sites will most likely be best for predicting those faunal assemblages which 
exhibit pronounced differences in their geographical range along the south-western 
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Australian coastline.  This has been well-documented for many fish species in this region 
(e.g. Potter et al., 1990).  Moreover, Tweedley et al. (2012) demonstrated that the benthic 
macroinvertebrate fauna in the Wilson Inlet differed markedly from that in another 
seasonally-open and morphologically-similar estuary located just 90 km to the west, 
namely Broke Inlet.  Conversely, spatial trends in more ubiquitous fauna, such as species of 
copepods, mysids and ostracods, may be better mirrored by the second classification which 
puts a far greater emphasis on broad estuarine region, since species of these taxa are known 
to inhabit specific zones within estuaries (Mees and Jones, 1997; Mouny et al., 1998; 
Azeiteiro and Marques, 1999).  The final classification incorporating differences in estuary 
bar state would probably be most useful for reflecting spatial trends in faunal assemblages 
with marine guilds that use estuaries temporally, such as for nursery or feeding purposes, 
and whose ability to do so is impacted by aquatic connection to the sea, e.g. many marine 
fish species such as Yellow-eye Mullet (Aldrichetta forsteri) and King George Whiting 
(Sillaginodes punctata; Potter et al., 1990; Young et al., 1997). 
  
2.4.4 Improvements to the habitat classification scheme 
The Valesini et al. (2010) approach for quantitatively classifying local-scale 
estuarine habitat types has produced an intuitive suite of habitats for four divergent 
estuaries which are supported by observable differences in their enduring environmental 
characteristics.  However, there are several areas in which this scheme could be improved.   
       Firstly, the latitude and longitude coordinates used in non-linear systems as a proxy 
for a sites’ vicinity to fresh or marine water sources provides a less representative measure 
of this environmental feature than a sites’ distance from the estuary mouth as used in linear 
systems.  The rationale for employing the first of these measures in irregularly-shaped 
estuaries was the difficulty in objectively constructing one ‘midline’ along which the 
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distance between all sites and the estuary mouth(s) could be reliably measured.  However, 
this aspect of the scheme has been further refined since this study by Valesini et al. (2014), 
who developed an approach for constructing multiple midlines and combining this 
information to calculate a “marine:freshwater ratio” for all sites. 
Secondly, further refinements could be made to some of the benthic cover classes 
used in this scheme, and in particular the very broad ‘submerged vegetation’ category.  For 
example, while there are three main species of seagrass and 66 species of macroalgae in the 
Swan-Canning Estuary (Astill and Lavery, 2004; Brearley, 2005), they were all combined 
into this one broad category in the current classification due to the difficulty in reliably 
discerning their spectral signatures from the remotely-sensed imagery.  The use of 
hyperspectral satellite imagery, rather than conventional multispectral imagery or aerial 
photography, would greatly improve the ability to distinguish spectral signatures unique to 
different species of submerged vegetation (Shippert, 2008).  However, the considerably 
greater cost of this imagery may be prohibitive in some cases, including that presented here.  
      Lastly, the inclusion of additional enduring environmental variables in the 
classification scheme that better represent anthropogenic modifications to estuaries, such as 
concrete sea walls, would also provide greater habitat resolution for these systems. 
 
2.4.5 Further research 
While there is substantial evidence to support the reliability of the habitat 
classification approach presented here, the next and most obvious step is to establish 
whether spatial differences in habitat types reflect those in estuarine faunal assemblages.  
Quantitatively demonstrating such a match is required to both ecologically validate the 
scheme, and also extend its usefulness to managers and ecologists as a basis for predicting 
faunal characteristics at unsampled sites.  Chapters 3-5 of this thesis will address the extent 
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to which spatial differences in hyperbenthic faunal composition statistically match those 
among the various habitats identified within estuaries, with a focus on the Swan-Canning 




Relationships between hyperbenthic faunal assemblages and habitat types 
in the Swan-Canning Estuary 
 
3.1 Introduction 
The hyperbenthic fauna, namely those benthic and planktonic organisms that spend 
at least part of their lives in association with the sediment-water interface and range from 
32 m to >1 mm in size (Mees and Jones, 1997), have been studied by several workers in 
the marine and, to a lesser extent, estuarine waters of the northern hemisphere (e.g. Mees 
and Hamerlynck, 1992; Mees and Jones, 1997; Azeiteiro and Marques, 1999; Lock and 
Mees, 1999; Beyst et al., 2001; Mouny and Dauvin, 2002; Marin Jarrin and Shanks, 2011).  
However, there are comparatively few studies of these faunal assemblages in the marine or 
estuarine waters of the southern hemisphere (e.g. Dominguez Granda et al., 2004; Whitfield 
et al., 2008; Lill et al., 2011; Whitfield et al., 2012). 
In contrast to the hyperbenthos, there have been numerous studies of benthic 
macroinvertebrate assemblages (bottom-dwelling invertebrates > 500 m in size) in 
estuarine and marine environments worldwide (e.g. Poore, 1982; Jaramillo and McLachlan, 
1993; Brazeiro, 2001; Wildsmith et al., 2011).  While these latter fauna play important 
roles in decomposition and nutrient cycling and comprise significant proportions of the 
diets of many fish and bird species, this is also true of the hyperbenthos (e.g. Schneider, 
1981; Sorbe, 1981a; McCall and Fleeger, 1995; Mees and Jones, 1997; Pasquaud et al., 
2010).  Moreover, hyperbenthic taxa are usually present in far higher densities (Mees and 
Jones, 1997, Valesini et al., 2011) due to the tendency of several, such as planktonic 
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harpacticoid copepods and benthic-dwelling mysids, to form large swarms (Mees et al., 
1993a; Roast et al., 2004; Uriarte and Villate, 2005).  
 Several of the previous studies of estuarine hyperbenthos have focused on linking 
spatio-temporal differences in these assemblages with those in various environmental 
characteristics such as salinity, wave exposure, turbidity and sediment composition (Sorbe, 
1981b; Mees et al., 1993a; 1995; Mees and Jones, 1997; Bernardo-Madrid et al., 2013).  
However, from a spatial perspective, most of these studies have interpreted differences at 
relatively coarse scales such as broad estuarine regions, and none have examined 
relationships between these fauna and habitat types at finer scales.  Chapter 2 of this thesis, 
however, has demonstrated the diversity of significantly different habitats that exist at local 
scales within south-western Australian estuaries, particularly when a comprehensive suite 
of environmental characteristics is considered.  Various other studies worldwide that have 
focused on classifying habitats in estuaries (e.g. Howes, 1999; Madley et al., 2002; 
Kutcher, 2008) also demonstrate the spatial environmental diversity present within these 
systems. It thus follows that, if spatial differences in hyperbenthos within estuaries are to be 
comprehensively explored, then examinations at these finer scales need to be considered. 
 Many aspects of the environment and ecology of the iconic Swan-Canning Estuary 
have been studied extensively since the 1970’s, including its hydrology and water quality 
(e.g. Imberger, 1976; Linderfelt and Turner, 2001; Smith and Turner, 2001), micro- and 
macro-algal communities (e.g. Allender, 1981; Hillman et al., 1995; Astill and Lavery, 
2001; Griffin and Rippingale, 2001) and fish, benthic macroinvertebrate and nematode 
communities (e.g. Loneragan et al., 1989; Gaughan et al., 1990; Kanandjembo et al., 2001; 
Hourston et al., 2009; Wildsmith et al., 2011).  However, there are no dedicated studies of 
the hyperbenthic faunal communities in this system, despite their known roles in estuarine 
function and food webs. This knowledge gap is made even more surprising by the fact that 
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the Swan-Canning Estuary is highly valued both ecologically and socio-economically for 
the fish and migratory/resident bird fauna it supports, both of which depend considerably 
on the hyperbenthos for food (Schneider, 1981; Jaensch, 1987; Mees and Jones, 1997; 
Bamford et al., 2004, Valesini et al. 2011).  For example, Valesini et al. (2011) 
demonstrated that various taxa that are suspected of being common in the hyperbenthos 
(amphipods, copepods and polychaetes) comprise as much as 70% of the diets of key fish 
species in this system. Moreover, the Swan-Canning is one of only two estuaries in the 
whole of Western Australia that contains a Marine Park, established primarily to protect its 
bird fauna (Department of Conservation and Land Management, 1999).   
 Given the above, the overall aim of this Chapter was to characterise the 
hyperbenthic fauna throughout the Swan-Canning Estuary, with a focus on the nature and 
extent of any changes in assemblage characteristics among local-scale habitats (as 
identified in Chapter 2 of this study) and seasons.  The specific study objectives and 
hypotheses (in italics) are as follows. 
1. Determine whether the mean density, species richness, taxonomic distinctness and 
species composition of the hyperbenthic fauna in the Swan-Canning Estuary differs 
significantly among habitat types. 
The above attributes of the hyperbenthos will differ significantly among all habitats 
in the Swan-Canning Estuary, given that these habitats have each been 
demonstrated to have distinct environmental characteristics. 
2. Determine if the above faunal characteristics differ significantly among seasons at 
each of the above habitats.   
The above hyperbenthic attributes will differ significantly between seasons at each 
habitat in the Swan-Canning Estuary, with a more depauperate assemblage 
occurring in winter due to lower reproduction rates and greater osmotic stress. 
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3. Determine whether any pattern of habitat differences in hyperbenthic composition is 
significantly correlated with that in (i) the enduring environmental characteristics 
used to define those habitats, and (ii) a suite of non-enduring water quality variables 
measured in situ at each habitat. 
Spatial differences in the hyperbenthic community throughout the Swan-Canning 
Estuary will be better “explained” by the enduring than non-enduring 
environmental attributes of the system, given that the enduring environmental 
characteristics encompass a wider spectrum of attributes than just water quality.    
4. Explore whether the extent of any habitat differences in hyperbenthic composition 
is greater than those at a broader (region) or finer (site) scale within the estuary. 
The extent of hyperbenthic differences will be greater at the regional than the 
habitat or site scale, given that regions are expected to have more distinct 
environmental differences. 
 
3.2 Materials and Methods 
3.2.1 Collection of hyperbenthic fauna and measurement of in-situ environmental 
variables 
 Hyperbenthic faunal assemblages were sampled in winter 2005 and summer 2006 at 
eight of the 18 habitat types identified throughout the nearshore waters of the Swan-
Canning Estuary (Fig. 3.1).  This subset of habitats was chosen as (i) the physical 

















































































































































   



































































   






























































effective operation of the sled used to collect the hyperbenthos (see below), e.g. rocky 
substrates, extremely shallow waters or steep banks, and (ii) it maximised both the 
environmental diversity and coverage throughout the system.  Five of the eight habitats (A, 
C, G, J and M) were each represented by two sites, while the remaining three (E, F and I) 
were each represented by one site (see Figs 2.7, 2.9).  
Hyperbenthos were collected in waters ≤ 1.5 m deep using a benthic sled that 
comprised a rectangular metal frame (50 cm long x 25 cm high) to which a plankton net 
was attached. The sled was mounted on two runners that maintained its base at a height of 
ca 3 cm above the substrate, and a metal ‘lip’ attached to the entrance of the sled facilitated 
collection of fauna from the substrate surface.  The plankton net was 1.45 m long, 
comprised of 150 m mesh and tapered to a detachable cylindrical cod-end that was 11 cm 
in diameter and had two draining ports.  A General Oceanics flowmeter was attached at the 
entrance of the net to record the volume of water filtered during collection of each sample 
(Plate 3.1).   
 
Plate 3.1: The specially designed sled comprises the flowmeter in the centre of the entrance of the    




Five replicate samples were collected at each site in each season by manually 
towing the sled along a 50 m transect that lay parallel to the shoreline.  The sample retained 
in the cod-end was removed and preserved in 5% formalin buffered in estuary water.  
Collection of the replicates at each site was staggered over two to three weeks in each 
sampling season to reduce the likelihood of the resultant data being unduly affected by an 
atypical sample. 
 Three replicate measurements of salinity, water temperature and dissolved oxygen 
concentration were recorded in the middle of the water column at each site in each season 
using a Yellow Springs Instrument 556 Multi Parameter hand-held meter.  Three water 
samples (250 ml-1 L) were also collected and their chlorophyll a and pheophytin extracted 
in situ using a water filter column and Whatman GFC 47 mm filter paper.  The filter paper 
was then wrapped in aluminium foil to exclude light and frozen. 
 
3.2.2 Laboratory processing 
 Each hyperbenthic sample, which contained a mixture of fauna, sediment and plant 
material, was wet-sieved through nested 2 mm and 150 m meshes and the material 
retained on each size fraction removed and stored separately in 70% ethanol.  Fauna in the 
2 mm fraction was then separated from the other material under a dissecting microscope, 
identified to the lowest possible taxon and counted.  Fauna in the 150 m fraction was 
added to 200 ml of 70% ethanol, stirred thoroughly and three 1 ml subsamples removed 
using a pipette.  The fauna in each subsample were again identified to the lowest possible 
taxon and counted under a dissecting microscope, and the number of individuals in each 
taxa was then extrapolated to their total in 200 ml and averaged across all three subsamples 
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to represent their total in each 150 m fraction.  The numbers of each taxa in the 150 m 
and 2 mm fractions were then combined to determine the totals in each sample.   
Note that, while not all taxa could be named at the species level, each taxon listed 
represented a different species and were thus assigned nominal names. The type specimens 
were deposited at the Western Australian Museum for future comparisons.  A total of eight 
taxa were excluded from any further analyses as they were juvenile life stages that could 
not be assigned to a specific adult species.  
In the few cases where the quantity of sediment in the 150 m fraction exceeded 
200 ml, the fauna were separated by firstly covering the sample with colloidal silica (Ludox 
TM-50), stirring and, after 15 minutes, decanting the organisms and fluid. This process was 
repeated to minimise the chance of any fauna being retained in the sediment.  The fauna 
were then stored in 200 ml of 70% ethanol and processed as described above. 
 The number of individuals of each taxa in each replicate sample was converted to a 
density (number m-3) using the following equation (General Oceanics Inc, 2001). 
Volume (m3) = (a * b) * distance 
Where: 
a = height of the mouth of the net, i.e. 0.5 m 
b = width of the mouth of the net, i.e. 0.25 m 
Distance (m) = (Flowmeter reading * 26873)/999999 
 
The chlorophyll a collected at each site was extracted using the method described 
by Grasshoff et al. (1999).  Thus, the frozen filter paper was placed in 10 ml of 90% 
acetone then ground using a tissue homogenizer and stored at 4 ºC for 24 h.  The sample 
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was then centrifuged for 6 minutes and examined at the 664 and 750 nm wavelengths in a 
Varian Cary50 probe spectrophotometer to determine chlorophyll a concentration.  A 3 ml 
aliquot of the same sample was then mixed with 1 ml of 0.1M HCl acid, left for three 
minutes, then measured at the 665 and 750 nm wavelengths to ascertain the phaeophytin 
concentration.  The replicate chlorophyll a and phaeophytin values were then averaged for 
each site in each season. 
   
3.2.3 Statistical analyses 
 All of the following data analyses were undertaken using the multivariate statistical 
package PRIMER v6 (Clarke and Gorley, 2006) in conjunction with the PERMANOVA+ 
add-on module (Anderson et al., 2008). 
 
3.2.3.1 Spatial and seasonal differences in the number of species, density and diversity of 
hyperbenthic fauna 
 The total number of species and density of hyperbenthic fauna were calculated for 
each replicate sample, as were several diversity indices, namely quantitative (*), average 
(+) and variation (+) in taxonomic distinctness.  These diversity indices account for 
taxonomic differences across the Linnean tree and thus provide a more comprehensive 
measure of diversity than traditional indices (Warwick and Clarke, 1995).  Thus, * is the 
average path length through the hierarchical Linnean tree between any two individuals from 
different species (chosen at random) and is a measure of pure taxonomic relatedness 
(Clarke and Warwick, 1998).  + and +, however, provide measures of both taxonomic 
relatedness and evenness, with the former representing the average spread of species across 
higher taxa and the latter representing the evenness of the spread of species across higher 
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taxa (Clarke and Warwick, 2001).  To calculate these diversity indices, each species was 
firstly assigned to its respective family, order, class and phylum.  Note that genus was not 
included because a considerable proportion of taxa were assigned to nominal species names 
(see subsection 3.2.2) and their genera could not be reliably determined.  This hierarchy, in 
conjunction with the species densities in each sample, was then subjected to the DIVERSE 
routine with each path length in the tree weighted equally.    
 Each of the above variables were then subjected to preliminary Permutational 
Multivariate Analysis of Variance (PERMANOVA; Anderson, 2001) tests to determine 
whether they differed significantly among habitat types (accounting for any site 
differences) and/or seasons.  Both habitat and season were considered fixed and crossed 
with each other, while site was random and nested within habitat type.  Note that those 
habitat types containing only one site (E, F and I), were necessarily excluded from these 
preliminary analyses.  In these and all other PERMANOVA tests, the null hypothesis that 
each dependent variable did not differ significantly among any independent factor was 
rejected if the significance level (p) was <0.05, and the extent of any significant differences 
was gauged by the magnitude of their associated components of variation (COV).   
For those dependent variables in which a significant model term involving habitat 
had a notably larger COV than one involving site, focus was next placed on more fully 
interpreting spatial differences at the former scale through undertaking a habitat x season 
PERMANOVA where site replicates were pooled to represent their respective habitat.  
Where these tests detected significant differences, plots of the relevant group averages and 
their 95% confidence intervals were used to identify and illustrate spatial and/or temporal 
trends.    
Prior to undertaking each of the above tests, the data for each dependent variable 
were examined to ascertain the type of transformation required, if any, to ameliorate any 
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skewness in their distributions.  This was achieved by determining the extent of any linear 
relationship (slope) between the averages and standard deviations of groups of replicate 
samples (Clarke and Gorley, 2001).  This procedure showed that the number of species 
required a fourth-root transformation, density required a log10 (n+1) transformation and the 
three diversity measures did not require any transformation.  These transformed data were 
then used to construct separate Euclidean distance matrices for each variable, which were 
then subjected to the PERMANOVA routine.   
When PERMANOVA detected a significant difference in + or +, in conjunction 
with a Bray-Curtis similarity matrix (see subsection 3.2.3.2) TAXDTEST was used to 
calculate “funnel plots” to determine whether the sample values for these diversity indices 
fell within or outside an expected range, i.e. a 95% probability limit (Warwick and Clarke, 
2001).  This range was calculated from 999 simulated values of +/+ in random 
subsamples of different numbers of species (m) drawn from the full suite.  The range in m 
was chosen to approximate that recorded for the various habitats and/or seasons.  Any 
samples that fall outside the probability limits were considered to be those with a 
significant departure in diversity from that anticipated for the study region. 
 
3.2.3.2 Spatial and seasonal differences in the species composition of hyperbenthic faunal 
assemblages 
 The raw counts of each hyperbenthic species in each replicate sample were initially 
dispersion weighted (Clarke et al., 2006) to downweight the contributions of those species 
that exhibited large replicate-to-replicate variability.  This involved dividing each species 
by its average variance to mean ratio (calculated within the various groups of replicate 
samples), thus producing a common variance structure across species but unchanged 
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relative species responses across different groups (Clarke et al., 2006).  These data were 
then square-root transformed to balance the contributions of highly abundant and less 
abundant species.  A Bray-Curtis similarity matrix containing all pairs of samples was then 
constructed from this pretreated data. 
The above matrix was then subjected to the same PERMANOVA test as described 
in subsection 3.2.3.1 to ascertain the extent of any significant spatial and seasonal 
differences in hyperbenthic faunal composition.   
Given that the above PERMANOVA test detected (i) significant habitat differences 
that were greater than those for site, and (ii) a significant habitat x season interaction (see 
subsection 3.3.3), the site replicates were then pooled to represent habitat and the nature of 
habitat differences were further explored by subjecting seasonal subsets of the above Bray-
Curtis matrix to one-way Analysis of Similarities (ANOSIM; Clarke and Green, 1988).  
The null hypothesis that the hyperbenthic faunal composition did not differ among habitats 
was rejected if p <5%.  The associated R-statistic was used to judge the extent of any 
significant differences, with values close to 0 indicating small group differences and those 
close to 1 indicating large group differences (Clarke and Green, 1988).   
The above subsets of the Bray-Curtis matrix were also subject to non-metric 
multidimensional scaling (nMDS) ordination to illustrate habitat trends in hyperbenthic 
composition.  Where ANOSIM detected significant habitat differences, complementary 
one-way Similarity Percentages (SIMPER; Clarke, 1993) analyses were used to identify 
those species which made the greatest contributions to those differences.  Focus was placed 
on those taxa that contributed >5% to the data matrix.   
The same ANOSIM, nMDS and SIMPER analyses were also undertaken for each 
individual habitat to examine the extent and nature of any seasonal differences in 




3.2.3.3 Spatial relationships between environmental and faunal data 
The extent of any significant spatial and/or seasonal differences in the five non-
enduring water quality variables recorded in situ at each site on each sampling occasion, 
namely salinity, water temperature and dissolved oxygen, chlorophyll a and phaeophytin 
concentrations, were tested using the same PERMANOVA designs as described in 
subsection 3.2.3.1.  Prior to undertaking these tests, the data for each variable was 
examined to determine which type of transformation, if any, was required to satisfy the 
assumptions of constant variance and normality (see subsection 3.2.3.1; Clarke and Gorley, 
2001).  This indicated that the chlorophyll a and phaeophytin concentrations required a 
log10 (n+1) transformation and fourth-root transformation, respectively, whereas the 
remaining variables did not require any data transformation. 
When PERMANOVA detected a significant main effect or interaction, plots of the 
relevant means and 95% confidence intervals were used to ascertain the main causes of 
those differences.  
The RELATE test was then used to determine whether any pattern of habitat 
differences exhibited by the hyperbenthos was significantly correlated with that in either 
the enduring environmental or non-enduring (water quality) attributes of those habitats. 
This routine, which was carried out separately for each individual season, was thus used to 
compare the rank orders of resemblance between habitats in a Bray-Curtis similarity matrix 
constructed from the pre-treated and averaged hyperbenthic species composition data, and 
complementary Manhattan distance matrices constructed from the pre-treated and averaged 
(i) enduring environmental data (see subsection 2.2.3.1) and (ii) water quality parameters 
(see subsection 3.2.3.3).  The null hypothesis that there was no match in spatial pattern was 
rejected if p <5% and the extent of any significant correlation was gauged by the ρ statistic 
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(i.e. values close to 0 indicate little correlation and those close to 1indicate a near perfect 
agreement).  When significant correlations were detected, the similarities in spatial patterns 
were illustrated by subjecting the relevant resemblance matrices to MDS ordination. 
 The Biota and Environment matching routine (BIOENV; Clarke and Ainsworth, 
1993) was then used to determine whether a greater spatial correlation could be achieved 
between the complementary faunal and non-enduring data when only a subset of the latter 
variables were used rather than the full suite.  In this procedure, which was also carried out 
separately for each season, the Bray-Curtis similarity matrix constructed from the faunal 
data was used as a reference, while the pre-treated water quality data was used as the 
explanatory matrix (from which Manhattan distance matrices were constructed).  Note that 
the matrices used in these tests were constructed from site rather than habitat averages to 
maximise the number of samples in the reference matrix and thus minimise the likelihood 
of BIOENV finding a significant match by chance.  The null hypothesis and criteria for 
rejecting it were the same as described above for RELATE.   
When BIOENV detected a significant correlation, similarities between the spatial 
trends of the hyperbenthic fauna and those in the selected water quality variables were 
illustrated by subjecting the faunal data to MDS ordination and overlaying each point on 
the resultant plot with a circle (“bubble”) whose relative size reflected the magnitude of a 
given water quality variable.  
 
3.2.3.4 Examining differences in hyperbenthic composition at regional, habitat and site 
scales 
To ascertain whether any spatial differences in hyperbenthic composition were best 
explained at the habitat scale or at a broader (estuary region, i.e. entrance channel, basins 
and rivers) or finer (site) scale, the Bray-Curtis similarity matrix constructed from the 
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replicate species composition data (see subsection 3.2.3.2) was subjected to the following 
two PERMANOVA tests.  The first contained the factors region (fixed), site nested within 
region (random) and season (fixed), and the second contained the factors site and season 
(both fixed).  Depending on the outcomes of these tests, relevant one-way ANOSIM, 
complementary SIMPER and MDS ordination analyses (as described in subsection 3.2.3.2) 
were then undertaken to further explore the extent, nature and cause of any significant 
spatial differences. 
 
3.2.3.5 Influence of taxonomic resolution on spatial differences in the hyperbenthos  
 To explore whether any pattern of spatial differences in hyperbenthic faunal 
composition differed depending on taxonomic resolution, separate and complementary 
Bray-Curtis similarity matrices were constructed for each taxonomic level (species, family, 
order, class and phyla), then subjected to second-stage MDS (Somerfield and Clarke, 
1995).  Thus, the Spearman rank correlation coefficient (ρ) was used to calculate pairwise 
correlations between the rank order arrangements of all of the above matrices, and the 
resultant correlation matrix was then subjected to MDS ordination to illustrate any 
differences in spatial pattern among taxonomic levels.  SIMPER was then used to identify 
that taxa most responsible for the largest spatial differences at each taxonomic level. 
 The above analyses were undertaken separately for each season and also for both 
seasons combined. 
 
3.3 Results  
3.3.1 Mean density of hyperbenthic species at each habitat 
Sampling of the hyperbenthic faunal assemblages at eight habitats throughout the 
Swan-Canning Estuary in winter 2005 and summer 2006 yielded 4,396 individuals from 92 
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species, 18 classes and 12 phyla.  The Crustacea was the most speciose phyla (43 species), 
while the Malacostraca was by far the most speciose class (22 species; Table 3.1).   
 The greatest number of species was recorded at habitat G (50) in the middle reaches 
of the estuary, followed closely by habitats E and M (46) in the lower reaches, while the 
least speciose habitats were F and I in the main basin (35).  In contrast, habitat F contained 
the greatest mean density of hyperbenthos (93.7 individuals m-3), which was far greater 
than the second highest density recorded (45.6 individuals m-3 at habitat E).  The lowest 
mean densities were found at the upper estuary habitats A and C, and the middle estuary 
habitats I and J (19.5-20.9 individuals m-3; Table 3.1). 
 The suites of species differed substantially among habitats, as evidenced by the fact 
that only about half of the total number of species recorded were found at any one habitat. 
The most abundant species (i.e. those that contributed ≥5% to the mean density) also 
differed considerably among habitats.  Thus, the fauna at the uppermost habitat A was 
heavily dominated by the bivalve Musculista senhousia (ca 65% of the total number of 
individuals) which was not abundant at any other habitat and indeed was not recorded at the 
basin habitat F and channel habitat M.  Various species recorded at habitat A were also 
either not found at any other habitat (e.g. Littorinid sp. 1 and Tanypodin sp.) or only found 
at one or two others (e.g. sabellid sp. and Phyllodoce sp.).   In contrast to A, the 
hyperbenthos at the other upper estuary habitat (C) was dominated by the copepods 
calanoid sp.2 and 4 and the mysid Mysidellinid sp., which together contributed 83.4% of 
the total number of individuals at that habitat.  These species were either found in very 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 The species assemblages at habitats throughout the middle estuary (F, G and I in the 
main basin and, to a lesser extent, J in the smaller second basin) were more similar in that 
the first three of these habitats were all dominated by cyclopoid sp.1 (i.e. 43.6-62.3% of the 
total number). While this species was also recorded at J, it comprised only 1.6% of its total.  
The copepods calanoid sp. 2 and 4 and the small bivalve Arthritica semen dominated the 
hyperbenthos at habitat J (65.8%), contrasting with the other middle estuary habitats where 
these species represented <12% of the total number (Table 3.1).  Of all habitats sampled 
throughout the estuary, however, J was the only one that did not contain any unique 
species.  The more abundant species at habitats F, G and I also exhibited several notable 
differences. For example, the copepods harpacticoid spp. 1 and 7 were both abundant at F 
but not at the other middle estuary habitats, and the mite Halacarid sp.1 was abundant at G, 
present in low numbers at I and not at all at F. 
 Habitats E and M in the lower estuary were both dominated by calanoid sp.4, 
cyclopoid sp.1 and the decapod Palaemonetes australis, while harpacticoid spp.1 and 7 
were also abundant at the former habitat but not the latter, while the reverse was true for 
calanoid spp.2 and 5.  Several species were also unique to each of these habitats, i.e. 
ctenophore sp. and Asteroid sp.2 at E and Sagitta sp. and Littorinid sp.2 at M (Table 3.1).    
      
3.3.2 Spatial and temporal differences in the mean number of species, density and 
taxonomic distinctness of hyperbenthos 
Preliminary three-way PERMANOVA tests to ascertain whether spatial differences 
in the mean number of species, density and taxonomic distinctness (*, +, +) of 
hyperbenthos were best examined at the habitat or finer site level indicated that the former 
was true for number of species, density, *, + and +. Thus, while a model term involving 
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site was significant in all cases except density and +, the components of variation for 
significant terms involving habitat were greater than those for site (Table 3.2).  
Subsequent habitat x season PERMANOVA tests for mean number of species, density, *, 
+ and + (i.e. after the site replicates were pooled to represent habitat) demonstrated that, 
for the first and last of these variables, the habitat main effect and interaction with season 
were significant, with the latter exerting the greatest influence (Table 3.3).  The season 
main effect was also significant for +, but was the least important of all model terms.  In 
contrast, no significant differences were detected for +.  Tests for mean density and * 
demonstrated that all model terms were significant, and that the habitat main effect, 
followed by the interaction with season, were the most influential (Table 3.3). 
Plots of the mean number of species in each habitat and season showed that values 
were greatest at the channel habitat E in both seasons (ca 15) and lowest at the upper 
estuary habitats A and C and the basin habitat G in winter and/or summer (ca 3-7; 
Fig.3.2a).  Habitats I, J and M each contained similar numbers of species in each season, 
i.e. ca 8 in winter and 10-11 in summer.  The mean number of species was greater in winter 
than summer at habitats A and C, with this difference being particularly marked at A (ca 7 
more species).  However, the opposite seasonal trend was detected at habitats I, J, M and 
particularly F and G (ca 5 more species), making a substantial contribution to the 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.2: Mean (a) number of species, (b) density, (c) quantitative taxonomic 
         distinctness (∆*) and (d) variation in taxonomic distinctness (Λ+) of
         the hyperbenthos recorded at each habitat in the Swan-Canning 
         Estuary during winter 2005 and summer 2006. For the sake of clarity, 
         the average    95% confidence intervals have been presented for 








The mean density of hyperbenthos varied considerably between sites in each season 
(Fig. 3.2b).  While densities were far lower at the two habitats in the upper estuary than any 
others throughout the system during summer, this spatial trend was not consistent in winter.  
For example, mean densities were greatest or relatively high at sites in both the upper and 
lower estuary (e.g. A, C, E and M), and lowest at sites in the middle estuary (e.g. F, G, I 
and J; Fig. 3.2b).  With respect to seasonal differences, mean densities were greater in 
summer than winter at most habitats except A, C and M, where the opposite was true (Fig. 
3.2b). 
Mean quantitative taxonomic distinctness (*) also exhibited considerable 
variability between both habitats and seasons (Fig. 3.2c).  However, in both winter and 
summer, the greatest mean value was found at habitat A in the upper estuary, while habitat 
J had the lowest mean value for summer and second-lowest in winter.  No consistent 
seasonal trends were evident (Fig. 3.2c).  
Mean variation in taxonomic distinctness (+) was lowest at habitat A in both 
seasons, and particularly summer (Fig. 3.2d), and greatest at habitats C, I and J in summer 
and all basin and lower estuary habitats (except E) in winter (Fig. 3.2d).  This diversity 
index was higher in winter than summer in all habitats except C, with differences being 
particularly marked at F, G and M (Fig. 3.2d).  Further investigation of this variable using  
TAXDTEST and associated funnel plots demonstrated that, for winter, samples from 
habitats E, F, G, J and M had significantly higher than expected values (Fig. 3.3a), whereas 



















Figure 3.3: Funnel plots of the variation in taxonomic distinctness of hyperbenthic 
         fauna recorded in each habitat sampled throughout the Swan-Canning 








3.3.3 Spatial and temporal differences in hyperbenthic faunal composition among 
habitats 
 Preliminary three-way PERMANOVA demonstrated that the species composition 
of the hyperbenthos differed significantly among all model terms (p=0.0001-0.0423).  
However, the greatest source of variation was the habitat x season interaction, followed by 
the habitat main effect (Table 3.4).  As such, further examination of spatial differences in 
these fauna were undertaken at the habitat level within each individual season (subsection 




Table 3.4:  Mean squares (MS), pseudo F-ratios, components of variation (COV) and significance levels (p) 
for three-way PERMANOVA on the composition of hyperbenthos in the Swan-Canning Estuary 
during winter 2005 and summer 2006. df = degrees of freedom. Significant results are 
highlighted in bold. 
 
 
    Hyperbenthic Composition  
  df MS Pseudo F COV p 
Main effects     
Habitat 4 9731.50 2.79 17.66 0.0039 
Season 1 10558.00 3.36 12.18 0.0285 
Site 5 3491.90 2.02 13.27 0.0001 
Two-way Interactions     
Habitat * Season 4 6315.80 2.01 17.83 0.0423 
Season*Site 5 3138.30 1.81 16.77 0.0002 
Residual 80 1731.80  41.62  
 
3.3.3.1 Differences in hyperbenthic faunal composition among habitats 
Hyperbenthic species composition was shown by ANOSIM to differ significantly 
among habitats in both winter 2005 and summer 2006 (p=0.1%), with the overall extent of 
those differences being moderate (Global R = 0.335 and 0.386, respectively; Table 3.5a, b). 
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During winter, the hyperbenthic fauna at the upper estuary habitats A and C and the 
lowermost habitat E almost always differed significantly from those at all other habitats 
(p=0.1-4.5%; Table 3.5a), with the greatest (and pronounced) differences occurring 
between C and E and also A or E vs several of the basin habitats i.e. F, G and/or J 
(R=0.638-0.756).  Relatively large differences (i.e. R >0.500) also occurred between habitat 
A and all remaining habitats (Table 3.5a).  These findings are reflected on the MDS 
ordination plot shown in Fig. 3.4a, in which the samples representing habitat A (although 
relatively dispersed), exhibit a marked tendency to separate from all other habitats, and 
those for C and E are also relatively discrete and well separated.  Samples from the basin 
habitats were not well differentiated on the ordination plot, as is also reflected by their lack 
of significant pairwise differences (Table 3.5a; Fig. 3.4a). 
 
Table 3.5:  R-statistic values detected by one-way ANOSIM tests of the hyperbenthic species 
compositions at the various habitats sampled throughout the Swan-Canning Estuary in a) 
winter 2005 and b) summer 2006. Significant pairwise comparisons are in bold. 
 
 
a) Winter 2005; Global R-statistic = 0.335, p = 0.1% 
 A C E F G I J 
C 0.614       
E 0.615 0.756      
F 0.547 0.663 0.660     
G 0.638 0.494 0.572 -0.008    
I 0.546 0.452 0.224 0.212 0.079   
J 0.657 0.416 0.541 -0.017 0.079 0.004  
M 0.583 0.360 0.363 -0.087 -0.004 -0.028 -0.044 
 
 
b) Summer 2006; Global R-statistic = 0.386, p = 0.1% 
 A C E F G I J 
C 0.279       
E 0.996 0.419      
F 0.841 0.502 0.264     
G 0.470 0.358 0.295 -0.007    
I 0.736 0.238 0.584 0.136 0.031   
J 0.739 0.296 0.310 0.433 0.442 0.268  







A C E F G I J M
Figure 3.4: MDS ordination plots constructed from the hyperbenthic species
         assemblage data recorded in each replicate sample at each habitat
         in the Swan-Canning Estuary during (a) winter 2005 and 
         (b) summer 2006.
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One-way SIMPER showed that the hyperbenthos at habitats A, C and E in winter 
were each typified by markedly different suites of species (Table 3.6).  The first of these 
habitats was characterised exclusively by Mullid sp., Musculista senhousia, sabellid sp. and 
capitellid sp., while Daphnia sp. and calanoid sp.12 characterised only habitat C and 
Palaemonetes australis, ctenophore sp., nematode spp. and ischyrocerid sp.1 were typical 
only of the assemblage at habitat E.  Several other species typified two or all of these 
habitats and were also prevalent at various others throughout the estuary, i.e. harpacticoid 
sp.7 and sp.1 and calanoid sp.4.  In addition to the latter species, the basin habitats F, G, I 
and J and the channel habitat M were all characterised by calanoid sp. 2, yet each had 
distinct attributes regarding their suites of typifying species, (e.g.) F was the only one 
characterised by ostracod sp.3 and the same was true of syllid sp.4 at I and J (Table 3.6). 
 Habitat differences in hyperbenthic composition during summer 2006 were broadly 
similar to those in winter 2005, with the notable exceptions that the assemblages at the 
upper basin habitat J also differed significantly from those at all other habitats (Table 3.5b; 
p=0.1-4.5%), and that the hyperbenthos at habitat A was particularly distinct from most 
others. The fauna at habitat A was almost completely different to that at the lowermost 
habitat E (i.e. R=0.996), and there were also notably large differences between A and 
habitats F and J (R=0.739-0.841).  Moderately large differences (R>0.500) were also 
detected between habitats C and F, and between E and I (Table 3.5b).  Surprisingly, the  
smallest significant differences occurred between habitats I and J, which lay at opposite 








Table 3.6: Species that consistently typified (provided along the diagonal) and distinguished 
(provided in     the sub-diagonal) the hyperbenthic assemblages at each habitat sampled in the 
Swan-Canning Estuary during winter 2005, as detected by one-way SIMPER. The habitat in which 
each species was most abundant is given in superscript for each pairwise comparison. Insignificant 
pairwise comparisons (as determined by ANOSIM – see Table 3.5) are highlighted in grey. 
 
 A C E F G I J M 
A 
Mullid sp.  
sabellid sp.  
M. senhousia 
capitellid sp. 
harpacticoid sp.7  
harpacticoid sp.1  





Mullid sp A 
capitellid sp.A 
Daphnia sp.  
calanoid sp.4  
calanoid sp.12  
harpacticoid sp.7 









P. australis  
calanoid sp.4  
harpacticoid sp.7  
nematode spp.  
ctenophore sp.  
harpacticoid sp.1  
ischyrocerid sp.1 
     
F 
calanoid sp.4F 












calanoid sp.4  
calanoid sp.2  
ostracod sp.3  
harpacticoid sp.1 
calanoid sp.5  
    
G 
calanoid sp.4G 
Mullid sp.A  











nematode spp. E 
 calanoid sp.4  
calanoid sp.2  
harpacticoid sp.1  
 











 syllid sp.4I 
calanoid sp.5 F 
calanoid sp.4 F 
Hyalid sp.1 F 
calanoid sp.2 F 
 syllid sp.4  














   calanoid sp.4  
calanoid sp.2  
syllid sp.4  
calanoid sp.5  















    calanoid sp.4  
calanoid sp.2  
calanoid sp.5 







MDS ordination of the hyperbenthic assemblage data recorded in summer reflected 
the above trends, with samples from habitat A forming a relatively tight group on one side 
of the plot and those representing E forming a largely discrete group on the opposite side 
(Fig. 3.4b).  Samples from habitat A were also well separated from those for all other 
habitats except C, which were far more dispersed.  Samples representing habitat J also 
formed a discernible group towards the top of the plot, whereas those from the remaining 
basin habitats were intermingled (Fig. 3.4b). 
One of the primary reasons for the distinctness of habitat A in summer was that its 
assemblage was typified only by M. senhousia, a species that did not characterise any other 
habitat in this season (Table 3.7).  Several of the species that typified C were also exclusive 
to this habitat (i.e. the amphipod G. propodentata, calanoid sp.12 and Mysidellinid sp.), as 
was the case for habitats E, F and J (i.e. syllid sp.4 and Spirorbid sp. at E and F, 
respectively, and A. semen and calanoid sp.5 at J; Table 3.7).  While the assemblages at all 
habitats (except A) were also characterised by several common species, their average 
abundances varied markedly in several cases.  For example, calanoid sp.4 was an order of 
magnitude more abundant at E than I, making a substantial contribution to the dissimilarity 










Table 3.7: Species that consistently typified (provided along the diagonal) and/or distinguished (provided in 
the sub-diagonal) the hyperbenthic assemblages at each habitat sampled in the Swan-Canning 
Estuary during summer 2006, as detected by one-way SIMPER. The habitat in which each species 
was most abundant is given in superscript for each pairwise comparison. Insignificant pairwise 
comparisons (as determined by ANOSIM – see Table 3.5) are highlighted in grey. 
 
 
 A C E F G I J M 








calanoid sp.4  
G. propodentata  
calanoid sp.2  
calanoid sp.12  
Mysidellinid sp. 














calanoid sp.4  
harpacticoid sp.7  
P. australis  
calanoid sp.2  
syllid sp.4 
harpacticoid sp.1 

















 harpacticoid sp.7 
cyclopoid sp.1  
Spirorbid sp.  
ostracod sp.3  
P. australis 
harpacticoid sp.1  
calanoid sp.4 
nematode spp. 















 cyclopoid sp.1  
ostracod sp.3  
harpacticoid sp.7  
calanoid sp.4 
calanoid sp.2 

















  cyclopoid sp.1  
calanoid sp.4  
calanoid sp.2  



































calanoid sp.2  
calanoid sp.4  
A. semen  
calanoid sp.5  

























cyclopoid sp.1  
P. australis  







3.3.3.2 Differences in hyperbenthic faunal composition between seasons 
 The species composition of the hyperbenthos differed significantly between seasons 
at all habitats (p = 0.1-2.7%) except I.  These differences were greatest and moderately high 
at the basin habitat F and the upper estuary habitats A and C (Global R=0.402-0.580), and 
least at the basin habitat J and channel habitat M (Global R=0.184-0.256).  MDS ordination 
demonstrated that samples collected in winter were more dispersed than in summer at 
habitats A, E and I, while the opposite was true for all other habitats except M, where the 
two groups were similarly dispersed (Fig. 3.5). 
 
SIMPER showed that the comparatively large seasonal differences at habitat F were 
due mainly to the greater prevalence of P. australis, Spirorbid sp. and cyclopoid sp.1 in 
summer than winter, with the opposite being true for Hyalid sp.1 (Table 3.8).  At habitat A, 
a far greater diversity of fauna characterised the hyperbenthos in winter than summer, while 
seasonal differences at habitat C were driven mainly by the greater densities of Daphnia sp. 
and harpacticoid sp.7 in winter and G. propodentata and Mysidellinid sp. in summer.  The 
moderate to small seasonal differences at the remaining habitats often reflected differences 
in the density rather than type of characteristic species.  For example, while similar suites 
of species typified both the winter and summer faunas at habitat J, calanoid spp.2 and 5 
were more prevalent in summer while syllid sp.4 and calanoid sp. 4 were more abundant in 
winter.  Further detail on the species most responsible for seasonal differences at the 




Winter 2005 Summer 2006
(a) Habitat A; p=0.2%, GR=0.483 (b) Habitat C; p=0.1%, GR=0.402 
(c) Habitat E; p=0.8%, GR=0.312 (d) Habitat F; p=0.8%, GR=0.580 
(e) Habitat G; p=0.1%, GR=0.349 (f) Habitat I; p=5.6%, GR=0.292 
(g) Habitat J; p=0.5%, GR=0.256 (h) Habitat M; p=2.7%, GR=0.184 
2D stress: 0.14 2D stress: 0.18
2D stress: 0.08 2D stress: 0.05
2D stress: 0.11 2D stress: 0.10
2D stress: 0.20 2D stress: 0.20
Figure 3.5: MDS ordination plots constructed from the hyperbenthic species assemblage
         data recorded in winter 2005 and summer 2006 at habitat (a) A, (b) C, (c) E, 
         (d) F, (e) G, (f) I, (g) J and (h) M in the Swan-Canning Estuary. 
         The global significance level (p) and R-statistic (GR) values from 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.3.4 Spatial and temporal differences in water quality characteristics 
 Preliminary three-way PERMANOVA tests undertaken for each of the non-enduring 
water quality variables detected significant differences for a term involving site only in the 
case of dissolved oxygen and chloropyll a concentration (Table 3.9).  In both of these cases, 
however, the relative influence of site was less than that for habitat, and thus habitat x season 
PERMANOVAs were then undertaken for each of the five variables to examine their spatio-
temporal differences in more detail (Table 3.10).   
Salinity, temperature and dissolved oxygen concentration each differed significantly 
between seasons and the habitat x season interaction and, in the case of the first and last of  
these variables, also among habitats (p=0.001-0.002; Table 3.10).  While season was the 
most important source of variation for temperature and dissolved oxygen concentration, 
differences among habitats, followed by season, had the greatest influence on salinity (Table 
3.10).  Chlorophyll a concentration differed significantly among habitats and seasons, with 
the first of these terms being the most important, whereas only the habitat x season 
interaction was significant for phaeophytin concentration (Table 3.10).   
In both seasons, mean salinity was significantly lower at the riverine habitats A and 
C than at all other habitats, and was greatest at one of the channel habitats (E or M; ca 5 vs 
29 ‰ in winter and ca 12-16 vs 37 ‰ in summer; Fig. 3.6a).  Salinities in summer were 
always greater than those in winter, except at habitat M where similar values were recorded 
in both seasons (Fig. 3.6a).  The latter finding, in conjunction with the particularly large 
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Figure 3.6: Mean (a) salinity, (b) temperature, (c) dissolved oxygen concentration, 
                    (d-e) chlorophyll a concentration and (f) phaeophytin concentration at each 
                    habitat sampled in the Swan-Canning Estuary during winter 2005 and 
                    summer 2006. For the sake of clarity, the average    95% confidence 
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Average water temperature was far greater during summer (24-27oC) than winter 
(14-16oC) at all habitats (Fig. 3.6b).  However, seasonal differences were notably greater at 
habitats A and C (ca 12 oC) compared, in particular, to the channel habitats E and M (ca 
8 oC), contributing to the significant habitat x season interaction (Fig. 3.6b).            
 Mean dissolved oxygen concentration was greater in winter than summer at all 
habitats, with the highest values found in the shallow basin habitat G in both seasons, ca 
8.5-9.5 mg L-1 (Fig. 3.6c).  In contrast, the lowest concentrations were recorded at the most 
upstream habitat A in summer (ca 3.5 mg L-1), and at the lower estuary habitats I and M in 
winter (ca 7.5 - 8 mg L-1). 
Mean chlorophyll a concentration was very similar in all habitats (0 - 2 g L-1), 
with the marked exception of J where values were ca 10.5 g L-1 (Fig. 3.6d).  With respect  
to seasonal differences, greater mean values were recorded in winter than summer (ca 2 and 
0.2 g L-1, respectively; Fig. 3.6e). 
Lastly, there was no tendency for mean phaeophytin concentration to be 
consistently greater in any one season or habitat, thus accounting for the significant habitat 
x season interaction for this variable.  While by far the greatest concentration was found at 
habitat C in summer (ca 5.5 g L-1; Fig. 3.6f), the lowest was recorded at this same habitat 
in winter (ca 1 g L-1).  Relatively high values were recorded in both seasons, however, at 
the basin habitat J (ca 3.5 - 4 g L-1; Fig. 3.6f).   
 
3.3.5 Matching spatial patterns in the hyperbenthic and environmental characteristics of 
habitats 
 The pattern of habitat differences in hyperbenthic composition was shown by 
RELATE to be significantly and moderately well correlated with that in the enduring 
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environmental features used to define these habitats, i.e. p=0.4%, =0.577 in winter 2005 
and p=0.9%, =0.567 in summer 2006.  The spatial match between these faunal and 
environmental matrices is illustrated by the similar distribution of points representing 
habitats on the MDS plots constructed from each (cf Fig. 3.7a and b, c).     
 RELATE also detected a significant spatial correlation between the above 
hyperbenthic matrix and one constructed from the full suite of non-enduring water quality 
characteristics, but only in summer (p=0.1%), i.e. p=63.6% in winter.  The extent of this 
significant match, however, was high (=0.790).      
The subsequent use of BIOENV (at the site rather than habitat level; see subsection 
3.2.3.3) to ascertain whether a greater correlation could be achieved by only using a subset 
of water quality variables, demonstrated that in summer, a similar match was obtained 
when data for temperature, salinity, dissolved oxygen and phaeophytin concentrations was 
used (p=1%, =0.751), while in winter, a significant and moderate match was achieved 
when only temperature was used (p=1%, =0.552).   
The MDS and associated bubble plots in Fig 3.8 illustrate the spatial relationships 
between the hyperbenthos and the magnitude of each of the above selected water quality 
variables.  During summer, it was apparent that the shifts in hyperbenthic composition 
between sites from habitat A (left side of the plot) and those from habitats E, F and G (right 
side of the plot) were linked with decreasing water temperatures and increasing salinities 
and dissolved oxygen concentrations (Fig. 3.8a-c).  While the spatial relationships between 
the fauna and phaeophytin were not as clear, hyperbenthos at habitats E, F and G were 
typically linked with the lowest phaeophytin concentrations, while those at habitat C and to 










(c) Hyperbenthic species composition, summer 2006; p=0.9%,     =0.567
(b) Hyperbenthic species composition, winter 2005; p=0.4%,     =0.577 






Figure 3.7: MDS ordination plots constructed from the averages at each habitat of their 
         (a) enduring environmental characteristics and (b-c) hyperbenthic species 
         composition in winter 2005 and summer 2006. The significance levels (p) 
         and rho values (   ) calculated in RELATE tests between the above 
         environmental data and the hyperbenthic faunal data are also provided 
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(b) Summer 2006; p=1%,    =0.751ρ
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ρ
Figure 3.8: MDS ordination plots constructed from the average hyperbenthic species 
         composition at each site in the Swan-Canning Estuary during summer 2006. 
         The magnitude of those water quality variables selected by BIOENV are 
         displayed for each site as circles of proportionate sizes. The significance 
         levels (p) and rho values (   ) obtained from the above BIOENV tests are 
         also provided.
(a) Summer 2006; p=1%,    =0.751ρ



















































In winter, the clearly distinct hyperbenthic composition at habitat A was correlated with the 
lowest temperatures, while that at the lower estuary habitat E and the shallow basin habitat 
G were associated with the highest (Fig. 3.9).       
 
3.3.6 Spatial differences in hyperbenthic faunal composition at broader (regional) and 
finer (site) scales 
  Hyperbenthic species composition was shown by three-way PERMANOVA to 
differ significantly among broad estuarine regions (i.e. channel, basin, river) and all other 
terms in the model (p=0.001-0.006; Table 3.11).  However, the majority of variation in this 
variable was not attributable to any term involving this broader spatial factor, but rather to 
those involving site (Table 3.11).  Further investigation of these site differences with a site 
x season PERMANOVA also detected significant differences for all model terms  
 (p=0.001), with the largest sources of variation being attributable to both the site main 
effect and site x season interaction (Table 3.12).  
Subsequent one-way ANOSIM tests showed that, in both winter and summer, site 
differences in hyperbenthic composition (p=0.1%, Global R=0.408-0.439) were slightly 
greater than those among habitats (p=0.1%, Global R=0.335-0.386); subsection 3.3.3.1), 
which in turn were greater than those among regions (p=0.1%; Global R=0.219-0.287).  
Corresponding MDS ordination plots of the hyperbenthic faunal composition coded 
separately for region, habitat and site are shown for each season in Fig. 3.10.  From a 
regional perspective, hyperbenthic composition tended to change gradationally from the 
riverine (left side of the plot) to the basin and channel regions (right side of the plot) in both 
seasons (Fig. 3.10a, b).  Notably, however, there was a pronounced seasonal difference in 
the dispersion of both the river and basin samples, with the former being obviously 
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Figure 3.9: MDS ordination plot derived from the average hyperbenthic species 
         composition at each site in the Swan-Canning Estuary during winter 
         2005. The magnitude of water temperature (selected by the BIOENV 
         routine) is overlaid on each site as circles of proportionate sizes. The 
         BIOENV significance level (p) and rho value (   ) is also provided.
Winter 2005; p=1%,    =0.552ρ
13.5 15 16.5 18
Temperature 
2D stress: 0.10















Table 3.11:   Mean squares (MS), pseudo F-ratios, components of variation (COV) and 
significance levels (p) for a three-way PERMANOVA on the composition of 
hyperbenthos in each region of the Swan-Canning Estuary during winter 2005 
and summer 2006. df = degrees of freedom. Significant results are highlighted 
in bold. 
 
    Hyperbenthic Composition  
  df MS Pseudo F COV p 
Main effects     
Region 2 11595.00 2.25 12.46 0.006 
Site 10 5144.20 2.95 18.44 0.001 
Season 1 11728.00 3.38 11.73 0.001 
Two-way Interactions     
Region* Season 2 8858.50 2.55 16.11 0.004 
Season*Site 10 3469.80 1.99 18.57 0.001 




Table 3.12:   Mean squares (MS), pseudo F-ratios, components of variation (COV) and 
significance levels (p) for two-way PERMANOVA on the composition of 
hyperbenthos at each site sampled in the Swan-Canning Estuary during winter 
2005 and summer 2006. df = degrees of freedom. Significant results are 
highlighted in bold. 
 
    Hyperbenthic Composition  
  df MS Pseudo F COV p 
Main effects     
Site 12 6219.40 3.56 21.15 0.001 
Season 1 13073.00 7.49 13.20 0.001 
Two-way Interaction     
Site* Season 12 4367.90 2.50 22.90 0.001 
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Figure 3.10: MDS ordination plots constructed from the hyperbenthic species
           assemblage data recorded in each replicate sample in the 
           Swan-Canning Estuary, coded for (a-b) region, 





dispersed in winter yet condensed in summer, whereas the opposite was true for the latter 
region. The spatial trends at the habitat level (Fig. 3.10c, d) have been described in 
subsection 3.3.3.1, many of which also apply to those evident at the finer site scale (Fig. 
3.10e, f).  However, the latter plots also revealed that there were several cases in which 
sites within a given habitat showed clear distinctions from each other, e.g. A1 vs A2 in 
winter and C1 vs C2 in summer (Fig. 3.10e, f). 
Further examination of the pair-wise site differences detected by ANOSIM showed 
that, in both winter and summer, nearly 75% of the comparisons were significant (p=0.8-
4.8%), with the greatest differences (R>0.800) always involving one of the sites in the 
upper estuary (i.e. those from habitat A or C), and large to moderate differences (i.e. 
R>0.500) almost always involving sites in the lower estuary (i.e. those from habitats E or 
M).  Additionally, in summer, large to moderate differences also commonly involved a site 
from habitat J in the middle estuary.  
SIMPER showed that, in both seasons, the species which best typified each of the 
above sites were similar to those identified in subsection 3.3.3.1 at the habitat level.  The 
only notable exceptions were the polychaete Caraziella sp., which characterised the fauna 
at A2 in winter, and Oikopleura sp. which characterised the fauna at J1 in summer (data not 
shown). 
 
3.3.7 Hyperbenthic faunal composition aggregated at higher taxonomic levels 
Second-stage MDS demonstrated that, irrespective of whether hyperbenthic 
composition was defined at the species, family, order, class or phyla level, the resultant  
pattern of differences among habitats was similar.  Thus, during summer, the spatial 
correlations between pairs of matrices derived from the assemblage at each taxonomic level 
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ranged between ρ=0.711-0.968, with the lowest occurring between family and phyla and 
the highest between class and phyla. A similarly high range of correlations was detected in 
winter, i.e. ρ=0.744 (species vs phyla) to 0.979 (order vs class). These findings are 
illustrated by the distribution of points representing each taxonomic level on the second-
stage MDS plots in Fig. 3.11a and b.  Similar results were obtained when the above 
analyses were repeated at the site rather than habitat level, i.e. 0.770 (species vs class and 
family vs class) to 0.971 (species vs family) in summer and 0.680 (species vs phyla) to 
0.975 (family vs order) in winter (Fig. 3.11c, d). 
When the data for both winter and summer were included in the same analysis to 
simultaneously explore the influence of taxonomic level and season on the spatial patterns 
in hyperbenthic composition, it was clear that the latter factor was far more influential than 
the former, irrespective of whether the matrices were constructed at the habitat or site level.  
This is plainly reflected by the distinct separation of points representing summer vs winter 
on the MDS plots in Fig.3.12a, b, and the comparative lack of separation of taxonomic 
levels within each season.  
The underlying similarities in spatial pattern between taxonomic levels within each 
season, and the differences in these patterns between seasons, are illustrated in Fig. 3.13.  
This figure also summarises the taxa which were primarily responsible for the most 
extreme spatial differences (i.e. those habitats or sites at opposing ends of the MDS plots) 
at each level in each season.  Thus, at all taxonomic levels during summer, the upper 
estuary habitat A was clearly distinct from the remainder and particularly the channel E and 
basin habitats F and G (Fig. 3.13b, d, f, h, j). 
 
126
2D Stress: 0.00 2D Stress: 0.00
2D Stress: 0.002D Stress: 0.00
Figure 3.11: Second stage MDS ordination plots constructed from the correlations between matrices 
           representing each taxonomic level of hyperbenthos in the Swan-Canning Estuary, 
           averaged for habitat during (a) winter 2005 and (b) summer 2006, and averaged for site 
           during (c) winter 2005 and (d) summer 2006.
(a) Habitat averages: Winter 2005 (b) Habitat averages: Summer 2006




















                    Figure 3.12: Second stage MDS ordination plots constructed from the 
        correlations between matrices representing each taxonomic 
        level in the Swan-Canning Estuary during both winter 2005 
                              and summer 2006, averaged for (a) habitat and (b) site.
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See Table 3.7See Table 3.6 
A:
    Mytilidae
    Calanoida
E:
    Calanoida
    Harpacticoida
    Palaemonidae
F & G:
    Harpacticoida
    Calanoida
    Cyclopoida
    Ostracoda (G)
C:
    Calanoida
    Daphniidae
E:
    Palaemonidae
    Calanoida
    Harpacticoida
F & G:
    Calanoida
    Harpacticoida (F)
A:
    Mytilida
    Calanoida
E:
    Calanoida
    Harpacticoida
    Decapoda
F & G:
    Harpacticoida
    Calanoida
    Cyclopoida
    Ostracoda (G)
    Sabellida (F)
C:
    Calanoida
    Cladocera
E:
    Decapoda
    Calanoida
    Harpacticoida
    Amphipoda
F & G:
    Calanoida
    Harpacticoida (F)
A:
    Copepoda
    Bivalvia
E:
    Copepoda
    Malacostraca
F & G:
    Copepoda
    Malacostraca
    Polychaeta (F)
    Ostracoda (G)
C:
    Copepoda
    Branchiopoda
E:
    Malacostraca
    Copepoda
F & G:
    Copepoda
    Malacostraca (G)
A:
    Crustacea
    Mollusca
E:
    Crustacea
F & G:
    Crustacea
    Annelida (F)
C:
    Crustacea
E:
    Crustacea
F & G:
    Crustacea
MDS ordination plots constructed from the average hyperbenthic assemblage data 
at each habitat in the Swan-Canning Estuary in winter 2005 and summer 2006,
represented at five taxonomic levels from species to phyla. The taxa that best
typified the most distinct habitats (as identified by SIMPER) are also provided. 
Habitats in brackets indicate that the taxa typified only that habitat.
 







    M. senhousia
E:
    calanoid sp.4
F & G:
    harpacticoid sp.7
    cyclopoid sp.1
C:
    Daphnia sp.
E:
    P. australis
F & G:
    calanoid sp.4
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This pattern was particularly marked at the class and phyla levels (Fig. 3.13h, j), and was 
driven mainly by Bivalvia (Mollusca), which characterised only habitat A, and Copepoda 
(Crustacea), which occurred in far lower abundances at this habitat than all others. 
Additionally, Copepoda and Malacostraca (Crustacea) were almost always more abundant 
at F, G and particularly E than all other habitats (Fig. 3.13b, d, f, h, j).  The respective 
orders, families and species that contributed to these differences are also provided in Fig. 
3.13b, d and f.  
During winter, however, the hyperbenthic composition at habitat E was far more 
distinct from those at all other habitats than in summer, which tended to increase slightly at 
higher taxonomic levels (Fig. 3.13a, c, e, g, i).  Moreover, habitat A was not always 
positioned on the opposite side of the MDS plot from E as in summer, but rather the other 
upper estuary habitat (C) showed a greater tendency to be among the most distinct from E.  
SIMPER showed that the distinctness of E at the class and phyla levels was mainly due to 
notably greater abundances of Malacostraca and Copepoda (Crustacea) than all other 
habitats. Habitat C was distinguished from both F and G by the prevalence of Branchiopoda 
(Crustacea), which was absent from the latter two habitats, while F and G each contained 
the lowest abundance of Malacostraca (Crustacea) and Copepoda (Crustacea), respectively 




Very few studies have been undertaken on the hyperbenthos of temperate, microtidal 
estuaries.  One exception is that by Heyns and Froneman (2010) in the Kariega Estuary in 
South Africa which, like the Swan-Canning, is also permanently-open.  The number of 




found in the Swan-Canning Estuary during the current study, reflective of the fact that the 
former system is considered “freshwater deprived” (i.e. hypersaline).  The species richness 
of the Swan-Canning hyperbenthic assemblage is more comparable to those reported for 
temperate, macrotidal estuaries throughout Europe, i.e. 66 - 101 species (Mees et al., 
1993a, 1995; Azeiteiro and Marques, 1999; Dauvin et al., 2006).  Additionally, the overall 
mean densities of hyperbenthos recorded at various habitats in the Swan-Canning Estuary 
in the current study (19-93 individuals m-3) were generally intermediate between those 
reported for other estuaries, e.g. 4 to 60 individuals m-3 in the macrotidal Guadalquivir 
Estuary in Spain (Drake et al., 2002) and 0.2 to 377.2 individuals m-3 in the microtidal 
Kariega Estuary (Heyns and Froneman, 2010). 
 By far the most dominant hyperbenthic taxa recorded in the Swan-Canning Estuary 
were calanoid, cyclopoid and harpacticoid copepods.  Most other studies of estuarine 
hyperbenthic communities have found that mysids numerically dominate these 
assemblages, especially in zones of high turbidity.  However, these results are relatively 
biased as many taxa (e.g. copepods, polychaetes) are excluded from analyses, due to them 
being considered “not truly hyperbenthic” (e.g. Mees and Hamerlynck, 1992; Mees et al., 
1993a; 1995).  Furthermore, less of the water column was sampled and smaller individuals 
were captured in the current study than in those above due to differences in the sampling 
equipment used.  Thus, the hyperbenthic sled used in the Swan-Canning Estuary had a 
smaller opening with one net, and a much smaller net mesh size, than those used, for 
example, by Mees and Hamerlynck (1992), Drake et al. (2002) and Heyns and Froneman 
(2010), which had multiple nets with a larger mesh size. These differences in choice of 
sampling equipment primarily reflect geomorphological differences in the study sites, with 
the smaller, single net sled employed in this study considered most appropriate for the 
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shallow nearshore conditions in the Swan-Canning Estuary, unlike the deeper systems 
studied by the above workers.  
 
3.4.1 Spatial differences in hyperbenthic fauna 
The characteristics of the hyperbenthos exhibited substantial spatial differences 
throughout the nearshore waters of the Swan-Canning Estuary.  Thus, their mean species 
richness, density, diversity (taxonomic distinctness) and species composition each 
demonstrated moderate to large significant differences among habitats, which largely 
supported the first hypothesis of this study, namely that the characteristics of the 
hyperbenthic assemblage differs significantly among all habitats in the Swan-Canning 
Estuary.  While there was considerable variability in the spatial trends exhibited by the 
hyperbenthos, it was generally the case that each of the above faunal characteristics were 
most distinct at the upper estuary habitats A/C and/or the lower estuary habitats E/M.   
The uppermost habitat, A, which was highly sheltered, had a silty substrate and 
contained no submerged vegetation but had numerous snags, typically had the lowest mean 
number of hyperbenthic species (yet a comparatively high total number of species) and 
overall densities and, particularly in summer, a highly distinct species composition.  It also 
had amongst the most taxonomically diverse assemblage of any habitat throughout the 
estuary.  The distinctiveness of the faunal assemblage at A was often attributable to the 
small bivalve Musculista senhousia (again, particularly in summer) which was prevalent 
only at this habitat and comprised ~65% of the total number of individuals. This bivalve, 
which is an introduced species in the Swan-Canning system (CSIRO, 2000), is particularly 
well adapted at coping with low and variable salinities and dissolved oxygen levels 
(NIMPIS, 2005).  Given that habitat A experienced salinities between 3.8 and 31‰ and 




M. senhousia has seemingly found a favourable niche in this habitat that many other 
species are not as well adept at exploiting.  Wildsmith (2007), who sampled the benthic 
macroinvertebrate fauna throughout the Swan-Canning Estuary in 2005, also found that this 
species was relatively abundant at this habitat, i.e. up to 9% of the total number of 
individuals.  This contrasted with the findings of Kanandjembo et al. (2001), however, who 
reported that M. senhousia comprised only 0.5% of the benthic macroinvertebrate 
assemblage in the shallow upper reaches of this system in 1995-97.  The latter authors 
instead found that the large bivalve Xenostrobus securis made a substantial contribution to 
the upper estuary assemblage (~14%), yet this species was not recorded at all by Wildsmith 
(2007) nor in the current study.  Such differences may reflect a competitive advantage of 
the highly fecund and invasive M. senhousia over the less fecund X. securis (Wilson, 
1968).   
The polychaete sabellid sp. and the juvenile fish Mullid sp. were also among the 
species that exclusively characterised the hyperbenthos at habitat A (during winter), and 
were important in distinguishing its faunas from those at other habitats in this season. 
Neither of these species were recorded at any other habitat, except for J and M, 
respectively.  For sabellid sp., these distributional patterns may be related to the relatively 
high turbidity at habitat A (Thomson et al., 2001) and the fact that this species traps larger 
particles from the water column to build the tough leathery tubes that it inhabits (Bailey-
Brock, 1976).   
The variable low salinity, temperature (ca 14-27°C) and dissolved oxygen 
conditions at habitat A, would be physiologically-stressful for many hyperbenthic species, 
and undoubtedly contribute to the low mean number of hyperbenthic species and densities 
at this habitat.  Wildsmith (2007) likewise found that the mean species richness and density 
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of benthic macroinvertebrates was lowest at this habitat.  This trend is only partly reflected 
in studies of the hyperbenthos in temperate macrotidal estuaries in the northern hemisphere, 
where the uppermost sites have generally been found to contain the lowest numbers of 
species, but the greatest densities (Mees et al., 1993a; 1995; Mouny et al., 1998).  The total 
number of hyperbenthic species and interestingly, the quantitative average taxonomic 
distinctness of the hyperbenthos at habitat A was relatively high, which contrasts with the 
findings of Wildsmith (2007) for the benthic macroinvertebrates.  The greater diversity at 
this habitat reflects a good spread and representation of individuals across various higher 
taxonomic groups, including the phyla Crustacea, Mollusca, Polychaeta and Chordata.  It is 
relevant that most of these phyla contain taxa with adaptations for dealing with stressful 
environmental conditions, such as high fecundity and/or shells or tubes for seeking refuge. 
The other upper estuary habitat, C, also contained a notably distinct hyperbenthos 
from most other habitats, including, surprisingly, habitat A (especially in winter).  Thus, the 
most abundant species at C (calanoid spp. 2 and 4 and Mysidellinid sp., comprising nearly 
85% of individuals) were either not recorded or comprised <0.1% of the assemblage at A.  
Indeed, one or both of these calanoid species were more prevalent at basin or channel 
habitats, where they often ranked in the three most abundant species.  Such findings 
indicate that these species are highly robust to variable water physico-chemistry, but 
probably also reflect the fact that most other habitats except A contained submerged 
vegetation, which these calanoids use as shelter (Hellwig-Armonies, 1988).  The prevalence 
of Mysidellinid sp. at C is likely to reflect, in part, the relatively high proportions of 
sedimentary organic matter at this habitat (Wildsmith, 2007), which they are known to use 
as a refuge and food source (Fockeday and Mees, 1999). 
While the hyperbenthos of the lowermost habitat E was also characterised by 




notably distinguished from all other habitats by a high prevalence of the decapod 
Palaemonetes australis.  Although this species is highly euryhaline (Bray, 1978) and is 
known to occur throughout the Swan-Canning Estuary and its tributaries (Bray, 1976), its 
marked preference for habitat E (and to a lesser extent the other channel habitat M) may be 
related to the far greater abundance and/or complexity of submerged vegetation at this 
habitat than any other, which provides refuge, nurseries and detrital/epibiotic food sources 
for this species (Robertson and Weis, 2007).  Thus, the beds of vegetation at E contain up 
to three seagrass species (i.e. Zostera mucronata, Heterozostera sp. and Halophila ovalis) 
and a high diversity of macroalgae (Astill and Lavery, 2004), whereas other vegetated 
habitats in the estuary (except M) typically contain monospecific stands of H. ovalis or 
G. comosa.  Other workers in south-western Australian estuaries have likewise found high 
densities of this decapod species in areas that are vegetated or contain abundant detrital 
plant matter (Linke, 2011).   
The structural complexity of habitats E and M, combined with their relatively high 
and stable salinities, temperatures and dissolved oxygen concentrations, most likely 
contributes to the high total and mean number of species and densities recorded at these 
habitats.  Greater hyperbenthic species richness and densities have also been recorded by 
several other workers in more structurally-complex seagrass environments (e.g. Edgar, 
1990; Cunha et al., 1999).  Moreover, the proximity of habitat M and particularly E to 
marine waters also explains the presence of several marine taxa that were not recorded at 
other habitats, e.g. ctenophore sp., Asteroid sp. 2, Sagitta sp. and Ascidian sp.  Despite this 
greater species richness, however, the quantitative average taxonomic distinctness of the 
hyperbenthos at these channel habitats was among the lowest in the estuary, reflecting the 
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fact that many of their species represented just one phyla (Crustacea), and often one class 
(Malacostraca). 
Hyperbenthic composition at habitat J in the small basin at the foot of the Swan 
River, was also relatively distinct from those of most other habitats (particularly in 
summer), largely reflecting the far greater prevalence of the small bivalve A. semen and 
calanoid sp.3 at this than any other habitat.  The relative abundance of A. semen at J 
contrasts with the findings of Wildsmith (2007), who recorded by far the greatest 
abundance of A. semen in the benthic macroinvertebrate fauna at the upper habitat C. This 
difference may reflect the fact that the latter workers used a sediment corer, as opposed to a 
hyperbenthic sled, to collect their fauna, which would more efficiently collect A. semen 
given it lives just under the sediment surface. 
Lastly, the hyperbenthic compositions at habitats F, G and I in the large main basin 
were often not significantly different from each other, being dominated by the ubiquitous 
cyclopoid sp. 1 and other widely distributed species such as ostracod sp. 3.  Such findings 
reflect the comparatively similar environmental characteristics of these habitats, with each 
containing similar ranges in salinity, temperature and dissolved oxygen concentration, and 
comprising similar substrate/benthic cover compositions.  However, habitats F and G 
contained the highest total density and number of species, respectively, of any habitat in the 
system, and both G and I, with representatives of 5-8 phyla and 7-11 classes, were among 
the most taxonomically diverse.  Wildsmith (2007) similarly found that the taxonomic 
diversity of the benthic macroinvertebrate faunas at G and I (4-6 phyla), was among the 
highest in the estuary.  The high diversity and/or densities of hyperbenthos at these basin 
habitats may be related, at least in part, to their greater abundances of microphytobenthos 




and mysids (Mees and Jones, 1997), which is supported by the extensive shallow sand flats 
at these habitats.   
 
3.4.2 Matches in spatial pattern between the hyperbenthic and environmental 
characteristics of habitats 
 Relative differences among habitats in their suite of enduring environmental 
characteristics were shown to be moderate to good surrogates for those in their 
hyperbenthic faunal composition in both seasons (i.e. p<0.9%,  = 0.567 - 0.577).  Such 
findings indicate that these readily measurable enduring environmental variables should 
provide a reasonably robust basis for predicting the hyperbenthic species likely to occur at 
any nearshore site in the estuary, based on its habitat type.  
Spatial differences in select non-enduring water quality variables also provided a 
comparable match with the hyperbenthos in winter (i.e.  = 0.522 when only temperature 
data were used), and a notably better match in summer (i.e.  = 0.751 when data for 
temperature, salinity, dissolved oxygen concentration and phaeophytin concentration were 
used).  Particularly clear spatial relationships with the hyperbenthos were revealed when 
the trends in salinity and dissolved oxygen concentration were examined (see Fig. 3.8).  
These findings generally support those of Mees and Hamerlynck (1992), Mees et al. 
(1993a), Mouny et al. (1998), Costa-Dias et al. (2010) and Heyns and Froneman (2010), 
who have likewise detected significant spatial correlations between hyperbenthic 
assemblages and salinity, temperature and dissolved oxygen concentration (along with 
other environmental variables such as turbidity) in temperate estuaries.  However, whereas 
the above workers found strong relationships across a range of seasons, this was not the 
case in the current study where the spatial trends in the hyperbenthos during winter were 
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only moderately ‘explained’ by water temperature, and even then the relationships were not 
particularly clear, i.e. while sites from the uppermost habitat A had the lowest temperatures 
in winter, those from all other habitats had similar values.  Moreover, while there were 
marked differences in dissolved oxygen concentration and/or salinity between habitats in 
winter (e.g. G vs M), hyperbenthic composition showed little comparable variation.  These 
findings provide partial support for the third hypothesis of this study, that spatial 
differences in the hyperbenthic community throughout the Swan-Canning Estuary will be 
better “explained” by the enduring than non-enduring environmental attributes of the 
system. 
Wildsmith (2007) likewise detected significant spatial matches between the 
enduring environmental characteristics of habitats and their benthic macroinvertebrate 
faunas in the Swan-Canning Estuary, but they were higher than those for the hyperbenthos 
(i.e.  = 0.825 and 0.625 in winter and summer, respectively).  Moreover, in contrast to the 
current study, Wildsmith (2007) found that no combination of non-enduring water and 
sediment quality variables could ‘explain’ the spatial patterns in the benthic 
macroinvertebrates as well as the enduring variables ( = 0.759 and 0.344 for winter and 
summer, respectively).  These differences between the hyperbenthic and benthic 
macroinvertebrate faunas may, in part, reflect differences in their behaviour and niches. 
Thus, the burrowing nature of several benthic macroinvertebrate taxa would better insulate 
them from physico-chemical fluctuations in the overlying water column, whereas the 
planktonic taxa of the hyperbenthos are entirely susceptible to these environmental 
differences.    
 The inconsistencies in the hyperbenthic-water quality matches, and also those in the 




the use of these non-enduring environmental characteristics as a basis for predicting spatial 
differences in these types of faunal assemblages.  Moreover, their practical use is limited by 
the fact that (i) a different combination of variables provided the best match in each season 
and (ii) these environmental data would need to be collected in the field to enable faunal 
predictions for any given site and season. In contrast, enduring environmental 
measurements are consistent over time and, importantly, are easy to obtain from mapped 
data.  Thus, while they did not explain as much of the variability in the hyperbenthos as 
select water quality variables in summer, enduring environmental variables provide 
substantial advantages for use in faunal prediction approaches.  Several other workers have 
also advocated the use of enduring rather than non-enduring physical and/or biological 
features in habitat classification schemes for reasons similar to the above (Roff and Taylor, 
2000; Clarke et al., 2003; Tsontos and Kiefer, 2003; Dye, 2006).  
 While not presented in the results, the ability of the enduring environmental features 
to enable reliable prediction of the hyperbenthos was explored at two other sampling sites 
in addition to those already described (Fig. 3.1).  Both of these sites were assigned to 
habitat C using their enduring environmental measurements and the predictive decision tree 
of Valesini et al. (2010).  Comparisons between the primary and additional sites 
representing this habitat demonstrated that, while there were significant and moderate 
differences in their faunal compositions (p=0.1%, ANOSIM Global R=0.446 and 0.490 for 
winter and summer, respectively), their suite of characteristic species (as detected by 
SIMPER) were the same, i.e. calanoid spp. 4 and 12 in winter and calanoid spp. 2 and 4 in 
summer.  It is also noteworthy that the hyperbenthic compositions at the expansive habitat 
C were among the most variable in the estuary (see sections 3.3.2 and 3.3.3.1), and are thus 
likely to be more difficult to predict accurately.  
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While further validation is clearly required to more fully examine the ability of the 
habitat classification scheme and its underlying enduring environmental variables to enable 
reliable prediction of the hyperbenthos at any nearshore site in the Swan-Canning Estuary, 
the above results indicate that it provides a promising and reasonably robust basis.     
 
3.4.3 Faunal composition at broader and finer spatial scales 
While the overall extent of spatial differences in hyperbenthic composition did not 
vary greatly depending on whether they were examined at the level of the extent of broad 
estuarine regions (i.e. channel, basin, rivers), habitats or sites, the extent of those 
differences did decrease consistently with increasing spatial scale (Global R=0.219-0.439).  
Similarly, the extent of differences in the species composition of the nematode assemblages 
throughout the Swan-Canning Estuary were also greater for site (Global R=0.834; Hourston 
et al., 2009) than that for upper vs lower regions of the estuary (Global R=0.735, Hourston, 
pers. comm.).  
While several studies have examined hyperbenthic differences at the site level 
within temperate estuaries (e.g. Mees et al., 1995; Azeiteiro and Marques, 1999; Mouny et 
al., 2000; Drake et al., 2002; Costa-Dias et al., 2010; Heyns and Froneman, 2010), few 
have explicitly examined those among broad estuarine regions (e.g. Mouny et al., 1998).  
Moreover, no other workers have examined differences in the hyperbenthos at the habitat 
level comparable to that explored in this study, and no other studies have statistically 
compared hyperbenthic differences at two or more of the above spatial scales.  
The above findings contradict the fourth hypothesis of this study, namely that the 
extent of hyperbenthic differences will be greater at the regional than the habitat or site 
scale.  The greater hyperbenthic differences detected at the finer site vs broader region scale 




to signal” ratio that would occur at successively greater spatial scales.  Thus, the variability 
in the species assemblage within a region (noise) would be expected to be substantially 
greater than that at the site level, thereby reducing the overall effect of true inter-regional 
differences (signal).  Secondly, many hyperbenthic taxa tend to have behavioural patterns 
which are more pronounced at finer scales. For example, many of the dominant fauna in the 
assemblage (e.g. copepods, mysids and decapods) consistently form large swarms over 1-
10s of metres (i.e. for protection from predators, facilitating mating, keeping position to 
feed and restricting dispersion; Ueda et al., 1983; Ohtsuka et al., 1995), which are greatly 
pronounced at the finer site scale, but lose resolution at broader spatial scales. 
Those studies that have focused on site differences in hyperbenthic assemblages 
within estuaries (see above) have, like the current study, found the greatest differences 
between lower vs upper estuary sites.  Direct comparisons are difficult, however, partly 
because of differences in the statistical approaches adopted, and also because the majority 
of those workers excluded certain taxa from the hyperbenthos based on its life stage or 
location within the water column, e.g. polychaetes, copepods and adult demersal fish.  In 
the current study, however, copepods (e.g. calanoid spp. 2 and 4) dominated the 
hyperbenthos throughout the estuary.  Moreover, when spatial differences in the benthic 
taxa comprising the assemblage were explored separately from those comprising the 
planktonic taxa (data not shown), the latter exhibited greater spatial (habitat) differences 
than the former (Global R=0.327 vs 0.167 in winter and 0.242 vs 0.197 in summer).  Such 
findings demonstrate that the exclusion of planktonic hyperbenthos may actually decrease 
rather than enhance the potential to detect spatial differences in these assemblages.   




3.4.4 Spatial differences in hyperbenthic composition at higher taxonomic levels 
 When the hyperbenthic species were aggregated to their respective higher 
taxonomic levels of family, order, class and phyla and their patterns of habitat differences 
examined, it was evident that these patterns were very similar, irrespective of taxonomic 
level.  As expected, the greatest differences were typically detected between the finer (i.e. 
species or family) and broader (i.e. class or phyla) taxonomic levels, but the extent of these 
matches were still high, i.e.  ≥0.729.  Such findings indicate that the taxa most responsible 
for driving spatial differences in the hyperbenthos throughout the Swan-Canning Estuary 
typically came from different phyla/classes, which were subsequently “translated” down to 
the lower levels of the taxonomic hierarchy.  For example, in summer, while the uppermost 
habitat A and lowermost habitat E were both typified by the phyla Crustacea, A was also 
typified by the Mollusca while the lowermost habitat E was typified by the class 
Malacostraca.  This was also the case for E in winter, while A was typified by both 
Crustacea (Copepoda) and Annelida in this season.  The above findings also indicate that, 
for future studies of the hyperbenthos in the Swan-Canning Estuary, a higher level of 
taxonomic resolution than species would be sufficient for reliably discerning spatial 
differences in those assemblages, which would greatly save both resource costs and time. 
Finally, it is interesting to note that, in contrast to the benthic macroinvertebrate 
fauna in the Swan-Canning Estuary (Wildsmith et al., 2011), the extent of the spatial 
differences in the hyperbenthos did not decline markedly when the assemblage was 
examined at broader taxonomic levels.  This is most likely related to the fact that while the 
majority of the benthic macroinvertebrate species in this system comprised only two phyla 
(Annelida and Mollusca, with a small number of representatives from Crustacea, Sipuncula 





3.4.5 Seasonal differences in hyperbenthic composition 
 The greatest seasonal differences in the composition of the hyperbenthos occurred 
at habitats A and C in the upper estuary and F in the upper reaches of the main basin.  The 
overall extents of these summer vs winter differences were slightly greater than those 
among habitats in either season, and were often due to particular species being notably 
prevalent in one season and either absent or very low in abundance in the other.  In 
contrast, the small seasonal differences at the channel habitat M were lower than habitat 
differences in any season. 
 The moderately high seasonal differences in hyperbenthic composition at habitats A 
and C were also coupled with notable seasonal differences in the total and mean number of 
hyperbenthic species, both of which were greater in winter than summer, particularly at A.  
These findings are perhaps surprising given the far greater river flow and thus physical 
instability and low salinities and temperatures at these upper estuary habitats in winter.  
However, they may be indicative of the far greater dissolved oxygen concentrations in this 
season, which was particularly marked at A (3.3 vs 8.9 mgL-1).  They also reflect the 
presence of several freshwater species in winter but not summer (e.g. Daphnia sp. at both A 
and C, and Corixid sp. and Austrolestes sp. at A) and far greater numbers of benthic species 
(e.g. the polychaetes sabellid sp., capitellid sp., Caraziella sp., and syllid spp. 1 and 2 at A 
and syllid sp.4 and spionid sp.1 at C), which may have become more frequently dislodged 
from their benthic habitats by the greater sediment disturbance from higher river flow, thus 
making them more susceptible to capture.  Moreover, at habitat C, several other species 
typified the assemblages in summer but not winter, such as the mysid Mysidellinid sp. and 
amphipod G. propodentata.  These findings may reflect the fact that the maturation success 
of some mysid species is positively correlated with salinity, and that these species emigrate 
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from estuaries during periods of low salinity (Drake et al., 2002).  Kanandjembo et al. 
(2001) further suggested that small crustaceans such as G. propodentata may not be 
particularly well adapted at tolerating low and/or variable salinity.   
 The comparatively large seasonal differences in hyperbenthic composition at the 
basin habitat F and, to a lesser extent G, mainly reflected the greater prevalence of 
cyclopoid sp.1, harpacticoid sp.7 and ostracod sp.3 in summer.  The first of these species, a 
swarming copepod, comprised 44-51% of all individuals at these habitats in summer, but 
was present only in low numbers in winter.  It also made a major contribution to the far 
higher mean densities recorded at these basin habitats in summer, as well as at I in the 
lower basin/upper channel, which may be related to the increased salinities, water 
temperatures and/or food sources (phytoplankton and other crustaceans; Turner et al., 
2011) in this season, or to the reproductive and recruitment patterns of these species.  
 The particularly small seasonal differences in hyperbenthic composition at the 
channel habitat M are unsurprising, given the narrow seasonal ranges in the various water 
quality parameters recorded at this habitat.  Unexpectedly, however, habitat E located 
closest to the estuary mouth had a greater seasonal range in most water quality 
characteristics (which was matched by greater seasonal differences in hyperbenthic 
composition), which may reflect an atypical year at this habitat.  The latter is supported by 
the fact that mean salinities in the following winter and summer differed by only ~ 3‰ at 
habitat E (compared to ~ 7‰ at habitat M; Valesini et al., 2009). 
 When the influence of season on the pattern of spatial differences in the 
hyperbenthos was examined, it was clear that there was a major shift between summer and 
winter which far outweighed any such differences between the taxonomic levels (see 
subsection 3.4.4).  This seasonal shift was due to the fact that in summer, habitats (or sites) 




whereas in winter, those in both the basin and channel also played a major role in driving 
spatial differences in the hyperbenthos.  The above findings support the second hypothesis, 
that the hyperbenthos would be more depauperate in winter, with the exception of riverine 
habitats A/C.  This is in contrast to the findings of Mees et al. (1993a), Azeiteiro and 
Marques (1999) and Mouny et al. (2000), who all recorded the highest numbers of species 
in summer from the incursion of marine species into estuaries (as a result of the decreased 
freshwater discharge and consequent easier tidal penetration).  In the Swan-Canning 
Estuary, however, it seems there is a greater intrusion of species associated with the river 























Relationships between hyperbenthic faunal assemblages and habitat 
types in the Peel-Harvey Estuary 
4.1 Introduction 
 The Peel-Harvey estuarine system has a long and well documented history of 
eutrophication and poor water quality (McComb et al., 1981; Lenanton et al., 1985; 
McComb and Lukatelich, 1995; Gerritse et al., 1998; Summers et al., 1999).  This 
permanently-open estuary, located on the lower west coast of Australia ~ 80 km south of 
the Swan-Canning Estuary, experienced regular and extensive toxic phytoplankton and 
macroalgal blooms, deoxygenation events and fish kills from the 1960’s to early 1990’s as 
a result of nutrient inputs from the surrounding agricultural land and point sources such as 
waste treatment plants and piggeries (Cross, 1974; Sewell, 1982; McComb and Lukatelich, 
1995).   
To help alleviate the above issues, an artificial second entrance channel (the 
Dawesville ‘Cut’) was constructed in 1994 to increase tidal flushing of the estuary 
(Department of Conservation and Environment, 1984; Hodgkin and Birch, 1986; Hodgkin 
and Hamilton, 1993; Humphries and Robinson, 1995).  This has led to improved water 
quality and a major reduction of nuisance algae in the estuary basins, and has also resulted 
in a far greater intrusion of marine waters into the system (McComb and Lukatelich, 1995; 
Gilles et al., 2004; Brearley, 2005).  The hydrology and broader ecological functioning of 
the Peel-Harvey Estuary has not only been altered by this second channel, however, but 
also by a shifting baseline of climate change (reflected through pronounced declines in 
rainfall, particularly over the last 40 years, rising temperatures and more frequent storm 
surges; Department of Water, 2009; Haigh et al., 2014a, b, c), and rapid catchment 
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development (see below).  The complex interplay between these factors has a large 
potential to produce multi-faceted responses within the estuary.   Thus, despite the 
remediation intent of the Cut and the above signs of environmental improvement, 
Wildsmith et al. (2009) demonstrated that the ecological health of the benthos, as reflected 
by the benthic macroinvertebrate community, has declined markedly from the pre-Cut 
(mid-1980s) to post-Cut (mid-2000s) periods.  Additionally, the fish communities in the 
system have, unsurprisingly, become far more dominated by marine species and, especially 
more recently (late-2000s), have shown an increased prevalence of weed-associated species 
that tends towards the situation in the pre-Cut state (Young and Potter, 2003a; Veale, 
2013). 
The catchment surrounding the Peel-Harvey Estuary supports one of the most 
rapidly expanding regional populations in Australia, growing at a rate of 4.8% from 2003 to 
2013 (ca 63,000-96,000 people; Australian Bureau of Statistics, 2014).  Further rapid 
growth is projected for the future, with the region anticipated to support a population of 
133,000 people by 2031 (Western Australian Planning Commission, 2010; Mulholland and 
Piscicelli, 2012).  The estuary is thus under large and growing pressure from the 
downstream impacts of catchment development and greater industrial and recreational use.   
As for the Swan-Canning Estuary, the water quality, micro-algae, macrophytes, fish 
and, to a lesser extent, sediment and benthic macroinvertebrates, have all been studied 
extensively throughout the Peel-Harvey Estuary (Loneragan et al., 1986; Lukatelich and 
McComb, 1986; Gerritse et al., 1998; McComb et al., 1998; Rose, 1994; Summers et al., 
1999; Young and Potter 2003a; 2003b; Wildsmith et al., 2009; Veale, 2013).  Yet, as is also 
the case for the Swan-Canning and all other Australian estuaries, there have been no 
previous quantitative studies that have focused specifically on the hyperbenthic 




contracted under the Ramsar Convention as a wetland of international importance, 
primarily for the migratory and resident bird populations, and also the fish assemblages, it 
supports (Hale and Butcher, 2007; www.ramsar.org 09/03/2015).  It is highly relevant that 
the hyperbenthos provide a key food source for both of these faunal assemblages (Mees and 
Jones, 1997).  
Based on the above, there is a clear need to improve understanding of the 
hyperbenthic assemblages throughout the Peel-Harvey Estuary.  The hyperbenthos are a 
key component of the food web and any changes within this community can thus provide 
early warning signals of the potential for broader ecological impacts along trophic 
pathways (e.g. trophic cascades; Mackay and Elser, 1998; www.ozcoasts.gov.au/indicators, 
15/03/2015), which could impact the Ramsar standing of the system.  There is a further 
need to not only develop reliable inventories of the hyperbenthos of this system and 
understand how it changes over space and time, but also to establish robust relationships 
between the characteristics of the hyperbenthos and those of the various habitats throughout 
the system.  Establishing the latter will not only provide managers with quantitative 
benchmarks for understanding the extent of any future changes in the hyperbenthos in 
response to habitat modification, but also a sound basis for predicting faunal response to 
environmental change.  
The overall aim, specific objectives and hypotheses of this Chapter are similar to 
those outlined for the Swan-Canning Estuary in section 3.1, namely to explore (i) any 
spatial (and specifically habitat) and/or seasonal differences in the characteristics of the 
hyperbenthic assemblage and (ii) the extent of any habitat correlations between the 
hyperbenthos and suites of enduring and non-enduring (water quality) environmental 
variables. This chapter further explores the extent of any hyperbenthic differences between 
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the Peel-Harvey and Swan-Canning estuaries.  Thus, while both of these estuaries are 
permanently-open, extensively modified (NLWRA, 1998) and lie in close proximity to 
each other, they have notably different morphologies in that the Peel-Harvey is an inter-
barrier and lagoonal system with the two of its main rivers lying next to one of its entrance 
channels, while the Swan-Canning is a drowned river valley with its marine vs fresh water 
sources located at opposite ends of the system.  Further detail on these divergent estuarine 
morphologies is given in Table 2.1.    
 
4.2 Materials and Methods 
 The methods for the field sampling and laboratory processing of the hyperbenthos 
and water quality attributes throughout the Peel-Harvey Estuary and the statistical analyses 
of the resultant data were the same or very similar to those described for the Swan-Canning 
Estuary in section 3.2.  Aspects of this methodology in the Peel-Harvey Estuary that 
differed from that for the Swan-Canning Estuary are detailed below. 
 
4.2.1 Collection of hyperbenthic fauna and measurement of in-situ environmental 
variables 
 Hyperbenthic fauna were sampled and in-situ water quality parameters measured at 
six of the 17 habitat types identified throughout the Peel-Harvey Estuary (B, D, H, K, L and 
Q; see subsection 2.3.1.2) in winter 2005 and summer 2006 (Fig. 4.1).  This subset of 
habitats was chosen as (i) the physical characteristics of several others (i.e. A, E, F, G, I, J, 
N and O) prevented effective operation of the hyperbenthic sled, e.g. extremely shallow 
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Figure 4.1: Map of the Peel-Harvey Estuary showing the location, number and habitat type of
         of the sites sampled for hyperbenthic fauna during winter 2005 and summer 2006.
         Inset (a) shows the location of the Peel-Harvey Estuary in Western Australia.
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and (ii) it maximised both the environmental diversity and coverage throughout the system.  
Two representative sites were sampled at four of the six habitats (B, D, L and Q), while the 
remaining two habitats (H and K) were each represented by one site, which was a result of 
an alteration to the habitat classification scheme after sampling had already commenced 
(see Figs 2.10, 2.11).  Note also that habitat Q was only sampled in winter due to the 
extreme shallowness of this habitat in summer.  
  
4.2.2 Laboratory processing 
 The only change from the laboratory processing for the Peel-Harvey Estuary that 
was different to that described in section 3.2.2 for the Swan-Canning Estuary was that a 
total of five taxa were excluded from any further analyses as they were juvenile life stages 
that could not be assigned to a specific adult species.  It should also be noted that the 
nominal species were consistent between the two estuaries.  
 
4.2.3 Statistical analyses 
 The minor changes to the statistical analyses for the Peel-Harvey hyperbenthic and 
water quality data from those described previously for the Swan-Canning Estuary in section 
3.2.3 are identified below. 
 Given that the hyperbenthos and water quality at habitat Q were sampled only in 
winter, this habitat was excluded from all PERMANOVA analyses described in 
subsections 3.2.3.1 and 3.2.3.4.  
 The data transformations applied to hyperbenthic and water quality attributes of 
interest were as follows: total density of hyperbenthos (log10 [n+1]),  and 




chlorophyll a concentration (fourth-root) and phaeophytin concentration 
(square-root). The data for all remaining hyperbenthic attributes (i.e. number of 
species and )and water quality characteristicsi.e. salinity, water temperature 
and dissolved oxygen concentration) did not require transformation.  
 
4.3 Results 
4.3.1 Mean density of hyperbenthic species at each habitat 
Sampling of the hyperbenthic faunal assemblages at six habitat types throughout the 
Peel-Harvey Estuary in winter 2005 and summer 2006 yielded 22,392 individuals from 72 
species, 13 classes and ten phyla. The Malacostraca was the most speciose class (19), while 
the Crustacea was by far the most speciose phyla (33 species), followed by the Chordata 
(11) and Annelida (9; Table 4.1).  
 Habitat L, located in the natural entrance channel, contained the greatest number of 
species (46) but among the lowest mean densities (14.1 individuals m-3), while habitat Q at 
the southern end of the Harvey Estuary was by far the least speciose (19) and contained the 
lowest mean densities (7.9 individuals m-3; Table 4.1).  The greatest mean density of 
hyperbenthos was recorded at habitat D in the tidal portion of the Murray River (1011.1 
individuals m-3), which was far greater than the second highest mean density recorded (70.8 
individuals m-3 at habitat H at the northern end of the Harvey Estuary).   
 The species that were most abundant (i.e. those that contributed ≥ 5 % to the total 
mean density) were similar at many habitats, but their mean densities often varied 
considerably. For example, while calanoid sp.4 was the most abundant species at habitats 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































magnitude greater than that at B in the Peel Inlet (ca 20 individuals m-3) and Q (ca 2 
individuals m-3).  Moreover, this species comprised nearly 80 % of the hyperbenthos at D, 
but ~ 23-51 % of that at B and Q.  Additionally, harpacticoid spp. 1 and 7 and ostracod sp.1 
all ranked in the top five species at habitats B, H, K, L and/or Q, yet often exhibited 
considerable differences in prevalence among these habitats, e.g. whereas the mean density 
of harpacticoid sp.7 was ca 7-8 individuals m-3 at habitats B and H, it was only 1.9-2.9 
individuals m-3 at K and L.  
Several hyperbenthic species were abundant at habitats H and/or K in the upper 
Harvey Estuary, but did not make notable contributions to the hyperbenthos at any others, 
i.e. the amphipod ischyrocerid sp.2, the tanaid Tanais dulongii and ostracod sp.3. Similarly, 
the mysid Gastrosaccus sorrentoensis ranked among the most abundant taxa only at habitat 
Q (although the mean densities were notably greater at D), as was the case for 
Palaemonetes australis at the channel habitat L (although its mean density was greater at 
H; Table 4.1).  Lastly, although present in low densities, each habitat except Q contained 
several unique species (Table 4.1).  
 
4.3.2 Spatial and temporal differences in the mean number of species, density and 
taxonomic distinctness of hyperbenthos 
Exploratory three-way PERMANOVA tests to determine whether spatial 
differences in the number of species, overall density and taxonomic distinctness 
( of hyperbenthos were best analysed at the habitat or finer site level, are given 
in Table 4.2.  As none of these tests detected a significant site or site x season effect, the 
replicate data collected at each site was pooled for its respective habitat, then subjected to a 
habitat x season PERMANOVA to better elucidate their spatio-temporal differences (Table 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































and the habitat x season interaction, whilst  differed significantly among the interaction 
term. The taxonomic distinctness measure exhibited a significant habitat x season 
interaction, while neither densityor exhibited any significant differences (Table 4.3).  As 
shown by the magnitude of the components of variation values, the habitat x season 
interaction exerted by far the greatest influence on each of the above dependent variables 
where significant differences were detected. 
The relatively large interaction detected for the mean number of species was mainly 
driven by the opposing seasonal trends across the various habitats. Thus, while values in 
winter were higher than those in summer at habitats B, D and to a lesser extent L, the 
opposite was true at habitats H and K (Fig. 4.2a). This difference was particularly marked 
at H, where a mean of 6 species was recorded in winter and 17 were found in summer, 
which was by far the highest value at any habitat in either season.  Habitats B and D in 
summer, followed closely by habitat Q in winter, contained the least number of species (ca 
5; Fig. 4.2a). 
 Mean * varied considerably between habitats in each season (Fig. 4.2b).  While * 
was far lower at habitats B and D than any others throughout the system during summer, 
they were among the highest in winter, along with habitats L and Q (Fig 4.2b).  With 
respect to seasonal differences, mean * was higher in winter than summer at all habitats 
except H and K, where the opposite was true (Fig. 4.2b). 
 Mean  showed little consistency in trends between either habitats or seasons (Fig. 
4.2c). The highest values were recorded at habitats H and L in winter and habitat K in 













































Figure 4.2: Mean (a) number of species, (b) quantitative taxonomic distinctness (∆*) 
                    and (c) variation in taxonomic distinctness (Λ+) of the hyperbenthic 
         faunal assemblages recorded at each habitat in the Peel-Harvey Estuary 
         during winter 2005 and summer 2006. For the sake of clarity, the average
















summer.  Moreover, the average 95% confidence interval for this taxonomic distinctness 
index was particularly large, reflecting the considerable variability in this data set.   
TAXDTEST was used to further examine trends in mean  among habitats in each 
season, and particularly to elucidate whether values fell within their expected range, i.e. 
95 % confidence interval.  During winter, samples from habitats B, K and L had a 
significantly higher than expected diversity (Fig. 4.3a), while this was also true of samples 
from habitats D, H and K in summer (Fig. 4.3b).  No values were significantly lower than 
those expected for the estuary, though representatives of habitat D in winter and habitat B 
in summer fell below the mean value (Fig. 4.3). 
 
4.3.3 Spatial and temporal differences in hyperbenthic faunal composition among 
habitats 
A preliminary PERMANOVA test used to ascertain whether habitats or their 
representative sites were most appropriate for examining spatial differences in the species 
composition of the hyperbenthos demonstrated that the former was true, given that the 
habitat main effect was the only term to return a significant result (Table 4.4).  
These data, with the site replicates pooled to represent their respective habitat, were then 
subjected to a habitat x season PERMANOVA to more fully explore the extent of any 
spatio-temporal differences.  This test demonstrated that all terms were significant 
(p=0.001) with the habitat x season interaction, closely followed by the season main effect, 
exerting the greatest influence (Table 4.5).  Given this significant interaction term, further 
examination of compositional differences among habitats was undertaken separately for 
each season (subsection 4.3.3.1) and those among seasons were explored separately for 
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Figure 4.3: Funnel plots showing the mean variation in taxonomic distinctness of hyperbenthic
         fauna at sites from each habitat type sampled throughout the Peel-Harvey
         Estuary during (a) winter 2005 and (b) summer 2006. The middle line in each plot 
         denotes the theoretical mean Λ+, while the two outer lines are the     95% confidence 














Table 4.4: Mean squares (MS), pseudo F-ratios, components of variation values (COV) and significance   
                 levels (p) for a preliminary three-way PERMANOVA on the species composition of the  
                    hyperbenthic assemblage in the Peel-Harvey Estuary during winter 2005 and summer 2006. 
                    N.B. df = degrees of freedom. Significant results are highlighted in bold text. 
 
    Hyperbenthic Composition  
  df MS Pseudo F COV p 
Main effects     
Habitat 2 5901.60 3.14 15.86 0.001 
Season 1 9193.80 4.58 17.87 0.082 
Site 3 1878.60 1.01 1.20 0.451 
Two-way Interactions     
Habitat * Season 2 5268.30 2.63 20.19 0.207 
Season*Site 2 2006.00 1.08 5.28 0.338 
Residual 44 1866.60  43.21  
 
Table 4.5: Mean squares (MS), pseudo F-ratios, components of variation values (COV) and significance 
                  levels (p) for a habitat x season PERMANOVA on the species composition of the 
                  hyperbenthos in the Peel-Harvey Estuary during winter 2005 and summer 2006. N.B. df = 
                  degrees of freedom. Significant results are highlighted in bold text. 
 
    Hyperbenthic Composition  
  df MS Pseudo F COV p 
Main effects     
Habitat 4 5663.00 3.09 16.36 0.001 
Season 1 15819.00 8.63 20.48 0.001 
Two-way Interaction     
Habitat * Season 4 5161.10 2.82 21.56 0.001 
Residual 65 1832.20  42.80  
 
 
4.3.3.1 Differences in hyperbenthic faunal composition among habitats 
One-way ANOSIM showed that, while hyperbenthic species composition differed 
significantly among habitats in both winter 2005 and summer 2006 (p=0.1%), the overall 
extents of those differences were relatively low, i.e. Global R-statistic = 0.297 and 0.267, 
respectively (Table 4.6a, b).  During winter, the hyperbenthos at habitat B in the Peel Inlet 
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and habitat Q in the southern Harvey Estuary always differed significantly from those at all 
other habitats, with the greatest differences occurring between either of these habitats and K 
in the middle Harvey Estuary (R=0.453-0.517).  The hyperbenthos at K was also quite 
different from that at the channel habitat L (R=0.424).  Notable differences also occurred 
between the riverine habitat D and all other habitats except H (R=0.368-0.450; Table 4.6a), 
with the greatest of these differences occurring between D and L.   
 
Table 4.6: R-statistic and/or significance level (p) values for global and pairwise comparisons in one-way 
                  ANOSIM tests of the hyperbenthic faunal composition among habitats sampled throughout the 
                  Peel-Harvey Estuary in a) winter 2005 and b) summer 2006. Significant pairwise comparisons 
                  are highlighted in bold. 
 
 
a) Winter 2005; Global R-statistic = 0.297, p = 0.1% 
 B D H K L 
D 0.368     
H 0.278 0.176    
K 0.517 0.378 0.064   
L 0.222 0.450 0.132 0.424  
Q 0.189 0.390 0.325 0.453 0.250 
 
 
b) Summer 2006; Global R-statistic = 0.267, p = 0.1% 
 B D H K 
D 0.172    
H 0.708 0.603   
K 0.352 0.351 0.136  
L 0.008 0.220 0.292 0.159 
 
The MDS ordination plot derived from these data showed that while samples 
representing most habitat types were relatively dispersed, those from D tended to be located 
to one side of the plot, and on the opposite side from many of those representing B, Q and 
L, while most samples from K formed a relatively distinct group towards the top of the plot 
(Fig. 4.4a).  
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Figure 4.4: MDS ordination plots derived from the hyperbenthic faunal assemblage data
         recorded in each replicate sample at each habitat in the Peel-Harvey Estuary
         during (a) winter 2005 and (b) summer 2006.
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One-way SIMPER analyses showed that, during winter, the assemblage at habitat B 
was the only one to be typified and/or regularly distinguished by ostracod sp.1 and the 
isopod Tanypodin sp. (Table 4.7).  The relatively large difference between the  
hyperbenthos at B and K was also due to the fact that they shared only one characteristic 
species in common (harpacticoid sp.1), which typified all habitats in this season (Table 
4.7).  Moreover, the hyperbenthos at K was exclusively typified and regularly distinguished 
by the amphipod Ampithoid sp., and was further distinguished by its consistently greater 
abundances of ostracod sp.3 than any other habitat.  The riverine habitat D was also 
characterised by several species that did not typify any other habitat in this season 
(capitellid sp., M. senhousia and Gobiid sp.3), and the channel habitat L had a greater 
prevalence of the ubiquitous calanoid sp.2 than all other habitats (Table 4.7). 
 In contrast to winter, the greatest habitat differences in hyperbenthic composition 
during summer were between H and B/D, with the extent of those differences being 
moderately high and larger than any detected in winter (i.e. R=0.603-0.708; Table 4.6b). 
Moreover, the smallest significant difference occurred between the channel habitat L and 
riverine habitat D (R=0.220), which was among the largest of pairwise differences detected 
in winter (R=0.450; Table 4.6a, b).  These trends are reflected on the MDS ordination plot 
shown in Fig. 4.4b, with most samples from habitats B, D and H each forming relatively 
discrete groups, while those from habitat L were dispersed along the plot.  
 SIMPER demonstrated that the assemblages at habitat H during summer 2006 were 
exclusively typified and/or regularly distinguished by the decapod P. australis, the 
polychaete Spirorbid sp., the mysid G. sorrentoensis and the amphipod caprellid sp.1 
(Table 4.8).  Moreover, the amphipod Hyalid sp.1 and the mite Oribatid sp. characterised 





Table 4.7: Species that consistently typified (provided along the diagonal) and/or distinguished 
(provided in the sub-diagonal) the hyperbenthic assemblages at each habitat in the Peel-
Harvey Estuary during winter 2005, as detected by one-way SIMPER. The habitat type in 
which each species was most abundant is given in superscript for each pairwise comparison. 
Insignificant pairwise comparisons (as determined by ANOSIM – see Table 4.6a) are 
highlighted in grey. 
 
 


















































































































and the bivalve Arthritica semen and the gastropod Nassarius nigellus at L (Table 4.8). 
Additionally, T. dulongii typified only the assemblages at habitats H and K, which were 
situated relatively close to each other in the Harvey Estuary.  Several species characterised 
most or all of the habitats in summer (i.e. harpacticoid spp.1 and 7 and cyclopoid sp. 3), but 
varied greatly in their abundances.  For example, the abundance of harpacticoid sp. 7 was 
an order of magnitude higher at B than H, and made a substantial contribution to the 
dissimilarity between these habitats in this season (Table 4.8). 
 
Table 4.8: Species that consistently typified (provided along the diagonal) and/or distinguished 
(provided in the sub-diagonal) the hyperbenthic assemblages at each habitat in the Peel-
Harvey Estuary during summer 2006, as detected by one-way SIMPER. The habitat type in 
which each species was most abundant is given in superscript for each pairwise comparison. 
Insignificant pairwise comparisons (as determined by ANOSIM – see Table 4.6b) are 
highlighted in grey. 
 


















































































4.3.3.2 Differences in hyperbenthic faunal composition between seasons 
One-way ANOSIM, carried out separately for the data recorded at each habitat, 
showed that the hyperbenthic faunal assemblages differed significantly between winter and 
summer in all cases (p=0.1-1.6%).  Summer assemblages shared almost no similarities with 
winter assemblages at habitat H (R=0.976), as is also illustrated by the clear separation of 
samples representing these seasons on the MDS ordination plot in Fig. 4.5c.  Moderate 
seasonal differences occurred at habitats B, D and K (R=0.364-0.576; Fig. 4.5a, b, d, 
respectively), while only small differences were detected at the channel habitat L 
(R=0.215), as is reflected by the intermingling of summer and winter samples on the MDS 
ordination plot in Fig 4.5e. 
 SIMPER showed that the pronounced seasonal differences at habitat H were driven 
in part by the prevalence of ostracod sp.3 and calanoid sp.2 in winter and their complete 
absence in summer, while the opposite was true for Spirorbid sp., P. australis and T. 
dulongii (Table 4.9).  Moreover, several species such as caprellid sp.1 and Hyalid sp.2 
typified only the summer faunas at this habitat, but were detected in low numbers in winter.  
The moderate seasonal differences at habitats B, D and K were due to a 
combination of some species characterising the hyperbenthos in only winter or summer 
(e.g. ostracod sp.3 and Ampithoid sp. only in winter at habitat K, and cyclopoid spp.1 and 3 
and Hyalid spp.1 and 2 only in summer at habitat D), or to some species typifying both 
seasons but occurring in notably higher densities in one (e.g. harpacticoid spp.1 and 7 at 
habitat B, which were more prevalent in summer than winter).  Further detail on the 
particular hyperbenthic species most responsible for seasonal differences at the remaining 
habitats are given in Table 4.9. 
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Season
Winter 2005 Summer 2006
(a) Habitat B; p=1.0%, Global R=0.364 (b) Habitat D; p=0.1%, Global R=0.529 
(c) Habitat H; p=0.8%, Global R=0.976 (d) Habitat K; p=1.6%, Global R=0.576 
(e) Habitat L; p=0.3%, Global R=0.215 
2D stress: 0.12 2D stress: 0.12
2D stress: 0.03 2D stress: 0.11
2D stress: 0.20
Figure 4.5: MDS ordination plots derived from the hyperbenthic faunal assemblage
  data recorded in each replicate sample in each sampling season at habitat
  (a) B, (b), D, (c) H, (d) K and (e) L. NB: Habitat Q was excluded since












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.3.4 Spatial and temporal differences in water quality characteristics 
 Preliminary three-way PERMANOVA tests detected no significant differences 
between sites assigned to the same habitat type for any of the five water quality variables, 
namely salinity, water temperature and dissolved oxygen, chlorophyll a and phaeophytin 
concentration (Table 4.10).  Thus, the replicate data recorded at each site was pooled for its 
respective habitat, then subjected to a habitat x season PERMANOVA (Table 4.11).  These 
analyses showed that salinity and water temperature differed significantly among all model 
terms, of which season was the most important (Table 4.11).   Dissolved oxygen 
concentration differed significantly among seasons and the habitat x season interaction, 
again with the first of these factors explaining the greatest amount of variation, while the 
chlorophyll a and phaeophytin concentrations only differed among habitats (Table 4.11).   
 Mean salinities were considerably greater in summer than winter at all habitats (Fig. 
4.6a).  This difference was particularly marked at habitat B (e.g. 17 vs 41.6 ‰) and least at 
the channel habitat L (e.g. 29.4 vs 38 ‰), which contributed to the significant interaction 
detected for this variable.  During winter, the lowest salinity was recorded at the riverine 
habitat D (6.1 ‰) and the greatest at L (29.4 ‰).  In summer, habitat D again had the 
lowest mean salinity (28.6 ‰), while the greatest was recorded at the shallow basin habitat 
B (41.6 ‰; Fig. 4.6a). 
 Mean water temperature was also greater during summer than winter at all habitats, 
and especially at B (17.3-26.7oC; Fig. 4.6b).  During winter, the shallow basin habitats B 
and Q, and the channel habitat L had the greatest mean temperatures (17.3-19.3 vs 14.4-
15.3oC for the remaining habitats), which contrasted with the situation in summer in which 
L clearly had the lowest mean temperature (21.3 vs 24.6-26.7oC for all other habitats; Fig. 
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Figure 4.6: Mean (a) salinity, (b) temperature, (c) dissolved oxygen concentration,
    (d) chlorophyll a concentration and (e) phaeophytin concentration at each
    habitat type and/or season sampled in the Peel-Harvey Estuary. For the sake
    of clarity, the average     95% confidence intervals have been presented for 
    each of the plots. N.B. although Q was excluded from the PERMANOVA tests 
    in Table 4.11, its mean water quality values in winter have been provided here 
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In contrast to both salinity and temperature, mean dissolved oxygen concentration 
was greater in winter than summer at all habitats except H, where they were similar (Fig. 
4.6c).  The most marked seasonal differences occurred at B and D (ca 7.2 mg L-1 in 
summer and 9.6 mg L-1 in winter), with these two habitats having the lowest mean values in 
summer and the highest or among the highest in winter.  The lowest dissolved oxygen 
concentration in winter was recorded at the channel habitat L (8.47 mg L-1), while the 
highest in summer was at habitat H in the Harvey Estuary (ca 9 mg L-1; Fig. 4.6c).   
Mean chlorophyll a and phaeophytin concentrations varied considerably among 
habitats, and the former also varied widely among replicates, as indicated by the extremely 
large 95% confidence intervals (Fig. 4.6d, e).  The highest mean concentrations of both of 
these pigments were recorded at habitat K in the middle Harvey Estuary (2.7 and 6.5 g L-
1, respectively; Fig. 4.6d, e), while the lowest or among the lowest were recorded at habitats 
L and Q (ca 0.8-1g L-1; Fig. 4.6d, e) and, in the case of chlorophyll a, also at H (0.6 g L-
1; Fig. 4.6d). 
 
4.3.5 Matching spatial patterns in the hyperbenthic and environmental characteristics of 
habitats 
 The RELATE procedure showed that the pattern of habitat differences in the 
hyperbenthos was significantly correlated with that in the enduring environmental 
characteristics of those habitats during winter (p=4.7 %, =0.400) but not summer 
(p=28.7 %, =0.176).  These findings are reflected by the similar distribution of points 
representing several habitats in Fig. 4.7a vs b, but the dissimilar spatial arrangements in 





















(b) Hyperbenthos,winter 2005; p=4.7%,    =0.400 





Figure 4.7: MDS ordination plots derived from the averages at each habitat sampled
  in the Peel-Harvey Estuary of their (a) enduring environmental measurements
  and (b-c) hyperbenthic faunal composition in each sampling season. The 
  significance levels (p) and rho values (  ) obtained from the RELATE tests
  between the above environmental data and the hyperbenthic faunal data are
  also provided for each season.
ρ     
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Similarly, when RELATE was used to compare spatial patterns between the above 
faunal matrices and those constructed from the full suite of water quality characteristics in 
each season (i.e. salinity, temperature and dissolved oxygen, chlorophyll a and phaeophytin 
concentration), a significant and moderately high match was detected in winter (p=0.8 %, 
=0.504) but not summer (p=97.8 %, =-0.721).  When BIOENV was used to further 
explore whether a greater correlation could be achieved by only employing select subsets of 
the above water quality variables, a slightly improved correlation was detected in winter 
(i.e. p=1.0 %, =0.560, using all variables except water temperature) but not summer. 
The spatial relationships between the hyperbenthos and the magnitude of each water 
quality variable selected by BIOENV in winter are illustrated by the MDS and associated 
bubble plots in Fig. 4.8. The clear differences in hyperbenthic composition between sites 
from the riverine habitat D (left side of the plot) and those from the channel habitat L 
(middle to right side of the plot) were linked with an increasing trend in salinity (Fig. 4.8a) 
and a decreasing trend in both chlorophyll a and phaeophytin concentrations (Fig. 4.8c, d).  
While the spatial relationships between the fauna and dissolved oxygen concentrations 
were not as clear, hyperbenthos at sites from habitat B and, to a lesser extent those from D 
and Q, were associated with the highest oxygen concentrations, while hyperbenthos at 
habitat L were associated with the lowest (Fig. 4.8b).  
 
4.3.6 Spatial differences in hyperbenthic faunal composition at broader (regional) and 
finer (site) scales 
 Exploration of the extent to which hyperbenthic species composition differed 
among broad estuarine regions (i.e. channel, basin, river) and also sites within each region  
179
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3 12 21 30
0.6 2.4 4.2
8.3 9.2 10.1 11
Salinity (‰)
Chlorophyll a (             )
Dissolved Oxygen (mg L-1 )
2D stress: 0.08
2D stress: 0.08
(a) Winter 2005; p=1%,    =0.560ρ
(b) Winter 2005; p=1%,    =0.560 ρ
Figure 4.8: MDS ordination plots derived from the average hyperbenthic faunal composition
 recorded at each site in the Peel-Harvey Estuary during winter 2005. The
 magnitude of those water quality variables selected by the BIOENV routine





























(d) Winter 2005; p=1%,    =0.560 ρ
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(accounting for any seasonal differences), revealed that the latter of these spatial scales was 
slightly more influential than the former.  
Thus, three-way PERMANOVA showed that all model terms except the region x 
season interaction were significant, and that the season main effect, closely followed by the 
site x season interaction, exerted the greatest influence.  However, the components of 
variation for the region main effect was higher than that for site alone (Table 4.12).  More 
detailed exploration of the influence of each of these spatial scales using a one-way 
ANOSIM (undertaken separately for each season in the case of site and pooled across 
seasons in the case of region) showed that the overall differences among sites (p=0.1 %, 
Global R=0.330 in winter and 0.259 in summer) were greater than those for region, for 
which only small significant differences were detected (p=0.1 %, Global R= 0.162).  It is 
noteworthy that the overall differences among habitats were intermediate between those for 
sites and regions in winter (Global R=0.297), but slightly greater than those for site in 
summer (Global R=0.267; see subsection 4.3.3.1).  
  
Table 4.12: Mean squares (MS), pseudo F-ratios, components of variation values (COV) and significance 
                    levels (p) for a three-way PERMANOVA on the hyperbenthic species composition in 
                    different regions and sites throughout the Peel-Harvey Estuary during winter 2005 and 
                    summer 2006. N.B. df = degrees of freedom. Significant results are highlighted in bold text. 
 
 
    Hyperbenthic Composition  
  df MS Pseudo F COV p 
Main effects     
Region 2 7082.00 2.42 13.54 0.003 
Season 1 13668.00 4.38 17.68 0.025 
Site 5 2857.20 1.57 10.71 0.008 
Two-way Interactions     
Region* Season 2 5994.70 1.92 15.85 0.153 
Season*Site 4 3122.80 1.71 16.12 0.006 
Residual 60 1824.00  42.71  
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Pairwise ANOSIM tests between sites showed that, in winter, approximately three 
quarters of all comparisons were significant, with the largest differences occurring between 
sites from habitats B, D, L and/or Q (R=0.608-0.784; data not shown).  Insignificant or 
small significant differences were generally detected between sites H1, K1 and Q1.  These 
trends are shown on the MDS plot in Fig. 4.9a, where samples from sites representing 
habitats D and L tended to occupy opposite sides of the plot those from Q1 were largely 
distinct from those for both D and L, and samples from habitat B were mainly distinct from 
those for D2.  In contrast, samples from H1, K1 and Q1 occupied the middle region of the 
plot and/or were largely intermingled (Fig. 4.9a).  Only one third of the pairwise site 
comparisons were significant in summer, however, with the greatest differences occurring 
between H1 and sites from habitats B and D (R=0.552-0.812). Samples representing H1 
were clearly discrete from those for habitats B and D on the MDS plot shown in Fig. 4.9b. 
Complementary SIMPER analyses showed that the species which best typified the 
hyperbenthos at each of the above sites in each season were similar to those identified at the 
habitat level in subsection 4.3.3.1.  The only exceptions were the following, which 
characterised the assemblages at particular sites identified above, but were not detected at 
the broader habitat level; the polychaetes Spirorbid sp. at L2 and Sepulid sp. at D2 in 
winter, and the ostracod sp.1 and polychaete Australonereis elhersi at D2 in summer (data 
not shown).  
At the regional scale, ANOSIM showed that the greatest hyperbenthic differences 
occurred between the basins and river (p=0.1 %, R=0.225) and the least between the 
channel and basins (p=3.6 %, R=0.097).  The small extents of the differences are illustrated 













(c) Winter (d) Summer
(a) Winter (b) Summer
Figure 4.9: MDS ordination plots derived from the hyperbenthic faunal
         assemblage data recorded in each replicate sample in the Peel-Harvey 
         Estuary, coded for site in (a) winter and (b) summer, habitat in 
         (c) winter and (d) summer and (e) region in both seasons.
LB D H K Q
L1B1 D1 H1 K1 Q1
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Fig. 4.9e.  The species that distinguished between the regions, as shown by SIMPER, were 
calanoid sp.4 and capitellid sp. which were more abundant in the river region, while  
harpacticoid sp.7 and ostracod sp.3 were recorded at a greater abundance in the basins than 
any other region.  In the channel, calanoid sp.2 dominated the hyperbenthos and helped in 
distinguishing that region from all others (data not shown). 
     
4.3.7 Hyperbenthic faunal composition aggregated at higher taxonomic levels 
 Second-stage MDS to assess whether the spatial patterns in hyperbenthic 
composition differed depending on whether the assemblage was examined at the species, 
family, order, class or phyla level showed that, in winter, similar patterns existed 
irrespective of taxonomic level, whereas this was not the case in summer.  Thus, at both the 
habitat and site scale during winter, correlations between pairs of matrices representing 
each taxonomic level were high, i.e. =0.725-0.961 at the habitat level and =0.644-0.948 
at the site level. The lowest correlations at both spatial scales occurred between species and 
class, (i.e. the most dissimilar spatial patterns), and the greatest between order and class or 
family (i.e. the most similar spatial patterns).  These findings are reflected by the 
distribution of points for each taxonomic level on the MDS ordination plots in Fig. 4.10a 
(habitat scale) and c (site scale).   
During summer, however, the spatial patterns at the phyla level were notably 
dissimilar from those at all other taxonomic levels, i.e. =0.249-0.552 (habitat scale) and 
=0.326-0.570 (site scale).  This is illustrated on the MDS plots in Fig. 4.10b and d, where 
the point representing phyla lay to the far right of those for all other taxonomic levels.  This 
was also the case, to a lesser extent, for class at the site level (=0.551-0.703).  The spatial  
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2D Stress: 0.002D Stress: 0.00
Figure 4.10: Second-stage MDS ordination plots summarising spatial similarities in hyperbenthic 
           composition throughout the Peel-Harvey Estuary when examined at different taxonomic 
           levels from species to phyla. Plots are derived from data averaged for habitat during 
           (a) winter 2005 and (b) summer 2006, and averaged for site during (c) winter 2005 
           and (d) summer 2006.



























patterns between the remaining taxonomic levels were, however, similar, i.e. =0.746-
0.964 (habitat scale) and =0.918-0.973 (site scale). 
When the data for both seasons were combined into the same analysis, the spatial 
patterns in hyperbenthic composition were far more dissimilar between seasons than they 
were between taxonomic levels within a season. This is clearly reflected by the fact that all 
points for the various taxonomic levels in winter lay on the opposite side of the plot from 
those in summer (Fig. 4.11a [habitat scale] and b [site scale]).  The only exception was for 
phyla during summer at the habitat scale, the point for which still lay on the opposite side 
of the plot from all of those representing winter, but also lay a considerable distance from 
the other summer points (Fig. 4.11a).  
 The taxa which were primarily responsible for the most pronounced habitat 
differences at each taxonomic level, as detected by SIMPER, are summarised in Fig. 4.12.  
The following descriptions focus on the higher taxonomic levels, with further detail at the 
lower taxonomic levels provided in the above figure.  During winter, the hyperbenthic 
compositions at habitats D, K and L and/or Q were the most distinct at all taxonomic levels 
(Fig. 4.12a, c, e, g, i).  At the broader levels of class and phyla, SIMPER demonstrated that 
the hyperbenthos at D was typified by the greatest abundance of Polychaeta (Annelida), 
while that at K comprised the greatest abundances of Malacostraca (Crustacea), and 
habitats L and Q had among the lowest abundances of Copepoda, Ostracoda and 
Malacostraca (Crustacea).  In summer, habitat B was distinct from the remainder and 
particularly habitats H and D, at all taxonomic levels except phyla (Fig. 4.12b, d, f, h, j).  
The latter two habitats were, however, the most distinct at the phyla level (Fig. 4.12j).  
SIMPER showed that habitat D contained the lowest abundances of all recorded 
hyperbenthic classes, and consequently comparatively low abundances of Crustacea, while  
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2D Stress: 0.01
                    Figure 4.11: Second stage MDS ordination plots summarising spatial similarities 
                               in hyperbenthic composition throughout the Peel-Harvey Estuary when 
         examined at different taxonomic levels from species to phyla in both 
         winter 2005 and summer 2006. Plots are derived from data averaged 
         for (a) habitat and (b) site.



















Winter 2005 Summer 2006
2D Stress: 0.01 2D Stress: 0.00
2D Stress: 0.012D Stress: 0.01
Family
2D Stress: 0.01 2D Stress: 0.01
2D Stress: 0.01





See Table 4.7 
for further detail 
B:
    Harpacticoida
    Cyclopoida
    Ostracoda
D:
    Cyclopoida
    Hyalidae
    Harpacticoida
H:
    Harpacticoida
    Palaemonidae
    Hyalidae
    Spirorbidae 
D:
    Harpacticoida
    Capitellidae
    Calanoida
K:
    Ostracoda
    Harpacticoida
    Ampithoidae
B:
    Harpacticoida
    Cyclopoida
    Ostracoda
D:
    Amphipoda
    Cyclopoida
H:
    Amphipoda
    Harpacticoida
    Decapoda
    Sabellida
D:
    Harpacticoida
    Scolecida
    Calanoida
K:
    Ostracoda
    Harpacticoida
    Perciformes
    Amphipoda
B:
    Copepoda
    Ostracoda
D:
    Copepoda
    Malacostraca
H:
    Malacostraca
    Copepoda
    Polychaeta
D:
    Copepoda
    Polychaeta
K:
    Copepoda
    Ostracoda
    Malacostraca
    Osteichthyes
D:
    Crustacea
H:
    Crustacea
    Annelida
D:
    Crustacea
    Annelida
K:
    Crustacea
MDS ordination plots derived from the average hyperbenthic faunal assemblage 
data recorded at each habitat in the Peel-Harvey Estuary, examined at different 
taxonomic levels from species to phyla in winter 2005 (a, c, e, g, i) and summer 
2006 (b, d, f, h, j). Taxa that best typified the most distinct habitats, as shown 































































    Harpacticoid sp.7
D:
    Cyclopoid sp.1
    Cyclopoid sp.7
H:
    Ostracod sp.1
    P. australis
L:
    Calanoida
    Harpacticoida
L:
    Calanoida
    Harpacticoida
    Sabellida
L:
    Copepoda
    Polychaeta
    Malacostraca
L:
    Crustacea
    Annelida
D:
    Capitellid sp.
K:
    Ostracod sp.3
L:
    Calanoid sp.2
Q:
    Crustacea
Q:
    Copepoda
    Ostracoda
    Malacostraca
Q:
    Ostracoda
    Calanoida
    Harpacticoida
Q: same as listed for (c)
Q:
    Calanoid sp.4
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H had a greater abundance of Malacostraca (Crustacea) than at any other habitat and was 
also typified by Annelida.  At the class level, B was characterised by a greater prevalence 
of Copepoda than at all other habitats, however the hyperbenthic composition at this habitat 
was comparatively similar to that at both D and L at the phyla level (Fig. 4.12j). 
 
4.4 Discussion 
 The 72 hyperbenthic species recorded in the Peel-Harvey Estuary in winter 2005 
and summer 2006 was lower than that found in the Swan-Canning Estuary in the same 
seasons (i.e. 92).  The species richness in both of the systems is similar to those reported 
from studies in various temperate estuaries throughout Western Europe in which the 
sampling programs were comparable to those in the current study (i.e. 66 - 101 species; 
Mees et al., 1993a; 1995; Dauvin et al., 2006), but is far greater than the 41 species 
recorded in the Kariega Estuary (South Africa) by Heyns and Froneman (2010).  The lower 
species richness in this latter estuary, however, probably mostly reflects the low freshwater 
flow and saline-hypersaline conditions that prevailed in the majority of the system 
(Froneman, 2000).      
In contrast to species richness, the overall mean densities of hyperbenthos at 
individual habitats throughout the Peel-Harvey Estuary were often greater than those in the 
Swan-Canning (maximum of 1011 vs 93 individuals m-3, respectively).  However, it is 
difficult to make reliable comparisons with the majority of other hyperbenthic studies in 
estuaries throughout the world, due to both differences in the measure of density used (i.e. 
individuals m-2 vs individuals m-3) and the fact that almost all of these studies excluded 
various taxa from the hyperbenthic assemblage based either on their life stage or perceived 
distribution in the water column (Mees and Hamerlynck, 1992; Mees et al., 1993a; 1995; 
Drake et al., 2002 and Costa-Dias et al., 2010).  For example, Mees et al. (1995) recorded 
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101 species from their hyperbenthic study, but used only 58 in their analyses, excluding 
largely annelid, ctenophore and uniramia species.   
Calanoid and harpacticoid copepods ranked in the three most abundant species at 
several to most habitats in the Peel-Harvey Estuary, as did ostracod sp.1 and the amphipod 
Hyalid sp.2.  The above orders of copepods also numerically dominated the hyperbenthos 
at several habitats throughout the Swan-Canning Estuary, while the latter two species did 
not make sizable contributions to the assemblages in this system.  The reverse was true for 
cyclopoid sp.1, where the higher abundance of this copepod in the Swan-Canning Estuary 
is possibly be due to the lower abundance of predators such as mysids (Vilas et al., 2008).  
The hyalids are a shallow-water amphipod species that live and feed on algae, and their 
greater prevalence in the Peel-Harvey Estuary is likely to reflect the greater biomass of the 
marine green algae Caulerpa racemosa and C. distichophylla that has established in the 
Harvey Estuary since the opening of the Dawesville ‘Cut’ (Lowry and Stoddart, 2003; 
Brearley, 2005).  
Again, it is difficult to generalise whether the hyperbenthic taxa found to 
predominate the assemblages in the Peel-Harvey and Swan-Canning estuaries are broadly 
similar to those found in other studies in European and South African estuaries.  This is not 
only due to the fact that, as mentioned above, most studies have excluded several taxa from 
the assemblage, but also because they have typically used hyperbenthic sleds with multiple 
nets and mesh sizes ranging from 500m to 1mm, unlike the single sled with 150m mesh 
used in this study.  These relatively large mesh sizes would thus not retain the large 
majority of the planktonic (copepod) taxa found to dominate the hyperbenthos in the Peel-
Harvey and Swan-Canning estuaries.  However, studies of the mesozooplankton in 
European estuaries that have used a comparable mesh size to that in the current study (i.e. 
190
 
200m) have also found that the most abundant taxa by far are copepods (Sautour and 
Castel, 1995; Mouny et al., 1998; Mouny and Dauvin, 2002).  Thus, while many of the 
studies of the hyperbenthos in European estuaries have often reported mysids to be the 
dominant taxa, such findings are more likely to reflect the above sampling and laboratory 
procedures, rather than a comparative lack of the taxa that were shown to dominate the 
south-western Australian estuaries in this study.        
 
4.4.1 Spatial differences in hyperbenthic faunal characteristics 
The first hypothesis of this study, that the characteristics of the hyperbenthic 
assemblage differs significantly among all habitats in the Peel-Harvey Estuary, was largely 
supported by the findings of this study.  Thus, the species compositions differed 
significantly between all pairs of habitats in at least one season, with the exception of H vs 
K which lay adjacent to one another in the Harvey Estuary.   However, the overall extents 
of these spatial differences were relatively small, and were smaller than those detected in 
the Swan-Canning Estuary.  Additionally, the largest hyperbenthic differences occurred 
between habitats in the large basins, whereas lower vs upper estuary habitats were the most 
distinct in the Swan-Canning.  While relatively large differences were also found between 
channel and riverine habitats in the Peel-Harvey Estuary in winter, this was not the case in 
summer when the hyperbenthos exhibited among the smallest differences between these 
habitat types.  In general, however, habitats in the entrance channels of both systems 
contained the highest mean number of species in one or both seasons, while those in the 
tidal rivers had the lowest mean number of species and densities in summer and the greatest 
(or among the greatest) in winter.  As discussed further below, the above findings are likely 
to reflect the considerably different morphologies of the Peel-Harvey and Swan-Canning 
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estuaries, and the greater marine influences in the former system due to the second 
(artificial) entrance channel.  
The hyperbenthic characteristics of each habitat in the Peel-Harvey Estuary are now 
discussed below focusing firstly on those that had the most distinct assemblages. 
 Habitat B (located in the Peel Inlet between the natural entrance channel and 
mouths of the Serpentine and Murray rivers) and habitats H or K (located in the Harvey 
Estuary, with the first being adjacent to the artificial entrance channel and the second not 
being particularly close to either marine or fresh water sources), exhibited the greatest 
differences in hyperbenthic composition in both seasons.  Thus, whereas the fauna at B was 
characterised by several copepod species (calanoid spp. 2 and 4 and cyclopoid sp.3) and 
ostracod sp.1, those at H and K were typified by the amphipods Hyalid sp.2 and Ampithoid 
sp. and various other taxa such as ostracod sp.3, P. australis, G. sorrentoensis and 
T. dulongii.  While several species typified all three habitats in at least one season (e.g. 
harpacticoid spp. 1 and 7), they were always more prevalent at one habitat.  The 
hyperbenthos at habitat B was also among the least speciose, while those at H and K 
comprised the greatest total number of species and were also among the most 
taxonomically diverse.  
The above spatial distinctions in the hyperbenthos undoubtedly reflect not only 
differences in the water physico-chemistry of these habitats brought about, in part, by their 
locations (e.g. salinities of ca 14-40‰ at B but 18-32‰ at H), but also those in other 
environmental features such as slope of the substrate (exceptionally shallow at B); width of 
the wave shoaling margin (very wide at B); exposure to wave activity (B exposed to 
prevailing southerlies and south-westerlies but H and K almost completely protected from 
these winds) and differences in the extent of submerged vegetation (predominantly bare 
substrate at B but extensive vegetation at H and K). 
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 In the context of the above environmental differences, it is relevant that the copepod 
taxa which characterised habitat B are particularly tolerant of a broad range of salinities and 
temperatures (Bell et al., 1987; Mu et al., 2002).  The greater variability in water physico-
chemistry at this habitat, combined with a lack of benthic heterogeneity, probably also 
contributes to its relatively low number of species.  Moreover, given that cyclopoid sp.3 
was also highly abundant at the riverine habitat D but not any other in the system, it is 
probable that this species has an affinity for environmental conditions associated with 
greater river flow, such as reduced salinities, tannin-stained waters or certain specific food 
sources.  Ostracod sp.1, which has a reticulated carapace and greater ability to cope with 
turbulent conditions (www.ucl.ac.uk/GeolSci/micropal/ostracod.html; 15/1/15), would thus 
be particularly well adapted at dealing with the relatively exposed conditions at habitat B.  
In contrast to B, the more sheltered conditions and structurally complex benthos at 
habitats H and K, combined with the relatively stable water physico-chemistry and 
proximity to the marine environment at H, undoubtedly contribute to their more speciose, 
abundant and taxonomically diverse faunas.  Most of the taxa that typified these habitats 
are typically associated with submerged vegetation, which they use as a source of shelter 
and food, and several have marine affinities, e.g. hyalid and ischyrocerid amphipods and 
T. dulongii (Mees et al., 1993a).  Sergeev et al. (1988), Edgar and Robertson (1992) and 
Matilla et al. (1999) similarly recorded more abundant and speciose hyperbenthic faunas in 
vegetated rather than unvegetated areas situated within Australian and American waters.   
 Habitat D in the lower reaches of the Murray River contained by far the greatest 
densities of hyperbenthos, which was mainly due to calanoid sp.4 (ca 80% of the total).  
Even when this species was excluded, however, the total densities of hyperbenthos at this 
habitat were more than twice that of any other, i.e. ca 53.1 vs 24.8-25.3 individuals m-3.  
Habitat D also contained a relatively high total number of species (third highest throughout 
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the estuary), which was also reflected by the mean number of species in winter.  The mean 
species richness at the two riverine habitats (A and C) in the Swan-Canning Estuary was 
also relatively high compared to other habitats in that system during winter.  These findings 
generally contrast with those of various other studies in temperate estuaries throughout 
Europe, in which the regions with salinities close to fresh water were usually the least 
speciose (Mees and Hamerlynck, 1992; Mees et al., 1993a; Azeiteiro and Marques, 1999).  
Unlike habitats A and C in the Swan-Canning Estuary, however, D had relatively high total 
densities of hyperbenthos (and high mean densities in winter) compared to other habitats 
throughout the Peel-Harvey.  Such findings may reflect the more abundant planktonic 
(chlorophyll a) and detrital (phaeophytin) food sources at D (except for the notably higher 
phaeophytin concentration at C in summer) and/or the far closer proximity of D to marine 
waters than A/C, and thus the greater ability of euryhaline marine hyperbenthos, e.g. G. 
sorrentoensis, Hyalid sp.2 and ischyrocerid sp.2, to recruit to this habitat. 
Calanoid sp.4 was recorded at all habitats in the Peel-Harvey and Swan-Canning 
estuaries, but its mean density at D (ca 240 individuals m-3) was at least one order of 
magnitude higher than that of any other taxa at any other habitat in both estuaries.  The 
second highest mean density of this species was recorded at habitat B in the Peel Inlet (ca 
34 individuals m-3), which was still more than three times the highest found in the Swan-
Canning (ca 8 individuals m-3 at the lowermost and highly vegetated habitat E).  It is 
possible that the far greater prevalence of calanoid sp.4 at D and B, both of which are 
unvegetated, reflects a greater tendency for this species to swarm in environments that lack 
structural heterogeneity, i.e. to minimise the chances of being preyed upon (Alldredge and 
King, 1985).  It is unclear, however, why similar trends are not repeated at vegetated (e.g. 
E) vs unvegetated habitats (e.g. A and C) in the Swan-Canning Estuary. 
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 Habitat L in the natural entrance channel of the Peel-Harvey Estuary contained the 
greatest total number of species throughout this system but among the lowest total and 
mean density of hyperbenthos, which matches the findings of various other studies in 
temperate estuaries (e.g. Mees and Hamerlynck, 1992; Mees et al., 1993a; 1995; Azeiteiro 
and Marques, 1999).  Relatively speciose hyperbenthic faunas in estuary entrance channels 
have been attributed to the active or passive movement of marine species, the relative stable 
water physico-chemistry and/or the common abundance of submerged vegetation in these 
environments.  In contrast, the relatively low hyperbenthic densities at such habitats has 
been related to their greater water clarity and tidal movement, which is presumed to lead to 
greater rates of predation and dispersal, respectively (Mouny et al., 2000).  While the total 
and mean number of species in the channel habitats (E and M) in the Swan-Canning 
Estuary also followed similar trends, hyperbenthic densities at these habitats were also 
comparatively high.  This could reflect the notably greater quantities of submerged 
vegetation, and thus food and shelter, at these habitats compared to L.  
Lastly, the hyperbenthos at habitat Q at the southern end of the Harvey Estuary was 
often distinct, but primarily for its depauperate nature. Thus, the total and mean number of 
species and the total number of individuals were lowest at this habitat, which is 
undoubtedly related to its extreme shallowness (and that, because of this, it could only be 
sampled in winter) and largely bare substrate.   
 
4.4.2 Match in spatial pattern between the faunal and environmental characteristics of 
habitats 
The pattern of relative differences among habitats, as defined by their enduring 
environmental characteristics, was significantly and moderately correlated with that defined 
by their hyperbenthic species compositions during winter but not summer.  Select non-
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enduring water quality characteristics (salinity and dissolved oxygen, chlorophyll a and 
phaeophytin concentrations) provided a slightly better match with the hyperbenthos in 
winter, but again no significant match was detected in summer.  The findings for winter 
contrast with the third hypothesis of this study that enduring, rather than non-enduring 
environmental variables would better “explain” spatial differences in the hyperbenthos, but 
the extent to which this was the case was minimal, i.e. =0.504 vs 0.400.   They also 
contrast with those in the Swan-Canning, where both the enduring and non-enduring 
environmental variables provided significant and moderate to high matches with the 
hyperbenthos in both seasons.   
The lack of spatial match between the hyperbenthos and either category of 
environmental variables during summer may be partly related to the extreme shallowness of 
several habitats in this season, which precluded hyperbenthic sampling in several cases, i.e. 
at one site representing B and both sites from Q.  Not only did this reduce the statistical 
power of the RELATE/BIOENV tests employed to examine these spatial relationships, but 
also reduced the extent of spatial differences within the hyperbenthic and environmental 
data sets, particularly given that, when they could be sampled, habitats B and Q were 
shown to have comparatively unique characteristics (see above).  Moreover, at the one site 
from B that could be sampled in summer, the hyperbenthos had to be collected from further 
offshore (ca 100 m) than in winter to reach suitable water depths, and thus were less 
representative of the original habitat.   
Hyperbenthic differences during summer were driven mainly by the relative 
distinctness of habitat D, as well as the notable differences between B and H.  While the 
enduring characteristics of these habitats were also among the most distinct (cf Fig. 4.7a 
and c), these differences alone were insufficient to support a significant match in spatial 
pattern with the hyperbenthic data.  Moreover, with respect to water quality characteristics 
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in summer, although mean salinities at D were the lowest of any habitat and those at B were 
the highest, salinity differences at remaining habitats did not correspond with those of the 
hyperbenthos.   Thus, whereas the hyperbenthos at habitats H, K and L either did not differ 
significantly or showed only small significant differences, salinities ranged from 32.1‰ at 
H to 39.6‰ at K.  Differences in the remaining water quality variables among B, D and H 
were either minimal or disparate from those in the fauna (see Figs 4.6 and 4.7).          
While the above findings indicate that the enduring environmental features of 
habitats are less useful surrogates for the hyperbenthos in the Peel-Harvey than the Swan-
Canning Estuary, they also demonstrate that non-enduring water quality attributes are not 
as useful for this purpose.  This outcome is undoubtedly related, in part, to the highly 
unusual natural geomorphology of this inter-barrier and basin system, where two of its 
major rivers lie adjacent to the natural entrance channel, and also to the artificial second 
entrance channel which has greatly increased tidal incursion into this system. 
 
4.4.3 Faunal composition at broader and finer spatial scales 
 The overall extent of spatial differences in the hyperbenthos throughout the Peel-
Harvey Estuary did not vary greatly depending on whether they were examined at the 
region, habitat or site scale, but was least for the broadest of these levels and very similar 
for the other two, which does not support the hypothesis set out in objective four of this 
study (see section 3.1).  These findings were similar to those in the Swan-Canning Estuary, 
and the potential reasons underlying these trends, including an increase in the “noise to 
signal” ratio at greater spatial scales and the greater influence of behavioural traits of 
particular hyperbenthic taxa at finer scales, are given in detail in subsection 3.4.3.  
 As was also the case for the Swan-Canning, when habitat differences throughout the 
Peel-Harvey Estuary were examined separately for the benthic and planktonic components 
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of the hyperbenthos (data not shown), the distinctions were lower for each of these 
individual faunal constituents than when the hyperbenthos was examined as a whole (i.e. 
Global R=0.267-0.274 vs 0.297 in winter and Global R=0.024-0.078 vs 0.267 in summer).  
These findings provide further support for the inclusion of all fauna in the hyperbenthic 
zone when examining their spatial differences, rather than excluding select groups, which 
has commonly been undertaken in other studies in temperate estuaries (Mees and 
Hamerlynck, 1992; Mees et al., 1993a; 1995; Tararam et al., 1996).      
 
4.4.4 Spatial differences in hyperbenthic composition at higher taxonomic levels 
 The spatial patterns exhibited by the hyperbenthos were highly similar at all 
taxonomic levels from species to phyla in winter, yet this was not the case in summer when 
those at the phyla level were notably distinct, especially from those at the species level.  
This was mainly due to the fact that, at the phyla level, habitats B and D were similarly 
characterised by Crustacea, whereas these habitats were clearly discriminated at finer levels 
by sub-taxa of this phyla, e.g. at the class level, the abundance of Malacostraca was an 
order of magnitude greater at D than B, while the opposite was generally true for 
Copepoda.  
Unlike the Swan-Canning Estuary, where the spatial patterns shown by the 
hyperbenthos were similar for all taxonomic levels in each season, the above findings 
indicate that there is a greater need in the Peel-Harvey Estuary to examine the hyperbenthos 
at finer taxonomic levels to properly understand their spatial differences.  However, they 
still also demonstrate that the main spatial trends in the hyperbenthos are evident at far 
broader taxonomic levels than species, and thus provide further support for analysing 




4.4.5 Seasonal differences in hyperbenthic composition 
 Moderate to very large differences in hyperbenthic composition were detected 
between winter 2005 and summer 2006 at all habitats in the Peel-Harvey Estuary except, as 
expected, the channel habitat L which maintained essentially marine conditions throughout 
the year.  Coen (2002) similarly found only small seasonal changes in hyperbenthic 
composition in the nearshore coastal waters adjacent to the Peel-Harvey Estuary.   
Pronounced seasonality was also detected in the mean number of species and density of 
hyperbenthos at all habitats except L for the former variable and B/K for the latter, but 
these seasonal trends differed widely among habitats. 
 Particularly large seasonal differences in hyperbenthic composition occurred at 
habitat H in the Harvey Estuary, reflecting a substantially greater number of characteristic 
species in summer than winter and very few species that typified both seasons.  Thus, 
whereas a small number of commonly occurring copepods predominated the assemblages 
in winter, various amphipod species (e.g. Hyalid sp.2 and caprellid sp.1) and others such as 
the mysid G. sorrentoensis, polychaete Spiorbid sp., decapod P. australis and tanaid 
T. dulongii characterised the fauna in summer.  These seasonal differences are, however, 
inconsistent with the fact that habitat H experienced one of the smallest changes in salinity 
between winter and summer due to its proximity to the Dawesville Cut.  Though, as many 
of the species which characterised H in summer are typically associated with vegetation, 
their greater prevalence in this season may reflect the increased biomass of the predominant 
seagrass at this habitat (Halophila ovalis) and macroalgae that occurs at this time of year 
(Hillman et al., 1995; Astill and Lavery, 2004).  It may also reflect the reproductive cycles 
of these taxa and the recruitment of their juveniles during seasons when water temperatures, 
and thus conditions for growth, are at their maxima.  Indeed, the abundance of Hyalid sp. 
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has been shown by other workers to be positively related to water temperature (Hiwatari 
and Kajihara, 1984; Tsoi et al., 2005).   
 Comparatively large seasonal differences in hyperbenthic composition also occurred 
at the basin habitats K and B and the riverine habitat D.  At the first of these habitats, this 
reflected the prevalence of the amphipod Ampithoid sp. and ostracod sp.3 in winter but 
their complete absence in summer, and also the abundance of the amphipods Hyalid sp. 1 
and Aorid sp. in summer.  In summer, increased invasive macroalgal stands, such as C. 
racemosa, provide both food and shelter for hyalid and aorid amphipods, but displaces the 
species that utilise the natural vegetation that thrives in winter, i.e. Ampithoid sp. 
(Vázquez-Luis et al., 2009).  The abundance of Hyalid sp.1 and Aorid sp. in summer is also 
consistent with the tolerance of these amphipods to higher salinities and water temperatures 
(Hiwatari and Kajihara, 1984; Tsoi et al., 2005; Gamito, 2006), given that the mean values 
for these water quality attributes at K were the highest, or second highest, recorded (ca 
40‰ and ca 25oC, respectively).   
 Unlike habitat H, the hyperbenthos at habitat B was characterised by a greater suite 
of species in winter, e.g. Tanypodin sp. and calanoid spp. 2 and 4, than summer, though 
several characterised both and were typically more abundant in the latter season, e.g. 
harpacticoid spp.1 and 7 and ostracod sp.1.  The dominance of these highly tolerant 
copepods in summer may reflect the extremely shallow and hypersaline (ca 44‰) waters at 
B in this season.  In contrast, the greater prevalence of species such as Tanypodin sp. in 
winter, which is known to “prefer” lower salinities (Dimitriadis and Cranston, 2007), is 
likely to be related to the greater riverine influx and thus reduced salinities (ca 17‰) at this 
time of the year.  The seasonal differences at habitat D were largely driven by a 
predominance of several species in winter that were far less abundant in summer, including 
calanoid sp.4, capitellid sp. and Gobiid sp.3.  As discussed in subsection 4.4.1, the first of 
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these species has an affinity for various environmental conditions associated with increased 
freshwater flow, such as reduced salinity, greater turbidity and/or increases in particular 
food sources. Moreover, the prevalence of capitellid sp. at D in winter may reflect the 
influence of greater sediment disturbance from river flow, causing these polychaetes to be 
more readily suspended in the water column and thus more easily caught in the 
hyperbenthic sled.  While the goby species could not be identified, it is likely that it is 
Pseudogobius olorum, which was commonly recorded at habitat D by Valesini et al. (2009) 
and is known to prefer fresher conditions (Gill and Potter, 1993).   
 Together, the above findings provided variable support for the second hypothesis of 
this study, namely that the hyperbenthos would be more depauperate in winter.  Thus, 
whereas the assemblages at habitats H and K support this hypothesis, the opposite was true 
at habitats B and D and, to a lesser extent, L.  These findings for B and especially D are 
particularly surprising, given that they were most predisposed to the influences of river 
flow and various other studies have shown declines in the hyperbenthos under fresher 
and/or winter conditions, e.g. Azeiteiro and Marques (1999), David et al. (2005) and 
González-Ortegón (2012).  In this study, however, there were seemingly a greater number 













Comparison of nearshore hyperbenthic faunal assemblages between two 
permanently-open microtidal estuaries with differing morphologies and 
the adjacent marine waters 
 
5.1 Introduction 
 Estuaries provide a very different environment for biota than adjacent nearshore 
marine waters.  The former typically experience far greater spatio-temporal variability in 
water physico-chemistry than marine waters due to dynamic shifts in factors such as river 
flow and erosion-deposition cycles, but are often calmer environments physically due to the 
reduced impacts of ocean swell and seas (e.g. Day, 1980, 1981; Borja et al., 2011; 
Sellaslagh et al., 2012).  Additionally, estuaries are often more productive, due primarily to 
their far greater concentrations of nutrients flushed in from their surrounding catchment, 
and their frequently warmer water temperatures from wind-mixed shallow waters (e.g. 
Cabecadas et al., 1999; Harding, Jr. et al., 2002; McLusky and Elliott, 2004).   
 Studies from around the world which have compared biotic assemblages between 
estuarine and nearby marine waters have revealed a set of common trends, which have led 
to the development of several widely accepted paradigms (e.g. Jørgensen et al., 1999; 
Gimenez et al., 2005; Hughes et al., 2005; Nohran et al., 2009; Elliott and Whitfield, 2011; 
Whitfield et al., 2012; Reizopoulou et al., 2014).  For any given biotic group, these include:  
(1) Species richness and/or diversity is typically lower in estuaries than marine 
waters, due to the far greater physico-chemical variability of the former environment and 
thus physiological stress imposed on biota, limiting the range of species able to tolerate 
these conditions.  Reductions in species richness/diversity with decreasing brackish and/or 
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more variable salinities have been conceptualized by Remane (1934) based on trends in 
zoobenthic fauna in the Baltic Sea region, Attrill (2002) based on benthic 
macroinvertebrates and meiofauna in the Thames Estuary, and more recently by Whitfield 
et al. (2012) who compiled trends in a wide range of biota from estuaries worldwide.  
Numerous other workers have also supported this paradigm, e.g. Roux et al. (2015) for fish 
in Canada, Taglialatele et al. (2014) for zooplankton in Spain, Tweedley et al. (2015) for 
benthic macroinvertebrates in the United Kingdom, Hourston et al. (2011) for nematodes in 
south-western Australia and Moreira et al. (1993) and Costa-Dias et al. (2010) for 
hyperbenthos in Portugal.      
  (2) Estuaries often contain a notably higher abundance of biota than marine waters, 
as those species able to tolerate estuarine conditions can then capitalize on the abundant 
food sources, shelter and warmer temperatures in these environments, thereby facilitating 
rapid growth and production (Elliott and Whitfield, 2011).  Hourston et al. (2011), Zhou et 
al. (2011) and Tweedley et al. (2015) provide a few examples of the many studies 
worldwide that support this paradigm. 
 The hyperbenthic fauna have been well studied in estuaries and nearshore coastal 
waters in the northern hemisphere (e.g. Sibert, 1981; Pihl, 1986; Mees et al., 1993a; 1995; 
Azeiteiro and Marques, 1999; San Vicente and Sorbe, 1999; Beyst et al,, 2001; Munilla and 
San Vicente, 2005; Lock et al., 2011; Marin Jarrin and Shanks, 2011; Bernardo-Madrid et 
al., 2013), and several studies have also compared these faunal assemblages between those 
two environments (e.g. Mees and Hamerlynck, 1992; Mouny et al., 2000; Dauvin et al., 
2006; 2010), almost exclusively supporting the above paradigms.  In contrast, few 
hyperbenthic studies have been undertaken in estuarine or coastal waters in the southern 
hemisphere, including Froneman and Henninger (2009) and Heyns and Froneman (2010) in 
southern African estuaries, Tararam et al. (1996) and Domínguez Granda et al. (2004) 
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along the south American coast, Young and Wadley (1979) in eastern Australian marine 
embayments and Coen (2002) along the south-western Australian coast.  Moreover, none of 
these studies have compared the hyperbenthos between estuaries and the adjacent coast.  
There is thus no understanding of how these faunal assemblages may change between these 
two environments in the southern hemisphere, and more particularly how the microtidal 
conditions which predominate on coastlines in this region of the world might influence any 
estuarine vs marine differences (Whitfield and Elliott, 2011). 
The lower west coast of Australia has a mean spring tidal range of only 0.6 m 
(Hamilton et al., 2001), and its inshore waters are variably protected from oceanic swell by 
a band of offshore reefs and from prevailing local winds and seas by a heterogeneous 
coastal morphology (Masselink and Pattiaratchi, 2001).  Wave heights at some coastal 
locations are ~ 65% less than those offshore (Masselink and Pattiaratchi, 2001; Jackson et 
al., 2002), providing comparable shelter to that in estuaries in this region, which have very 
narrow entrance channels that attenuate most oceanic wave action.  Additionally, the very 
small tidal range means that the salinity at any point within an estuary changes very little 
during a tidal cycle, contrasting markedly with the situation in many northern hemisphere 
estuaries which are often macro- to meso-tidal (Elliott and McLusky, 2002; Elliott et al., 
2007).  Tidal transportation of biota between estuarine and marine environments is also 
clearly far greater in the latter systems (e.g. Potter and Hyndes, 1999; López-Duarte and 
Tankersley, 2007; Ogburn et al., 2013). 
The overarching aim of this Chapter was to address the above knowledge gap by 
comparing the hyperbenthic assemblages in the estuarine and nearshore marine waters 
along the lower west coast of Australia.  It collates the findings from Chapters 3 and 4 in 
the Swan-Canning and Peel-Harvey estuaries, respectively, representing two 
morphologically divergent but geographically close and permanently-open estuaries, and 
205
 
compares them to those of Coen (2002) in the coastal waters that lie between these two 
systems.  Given the differences between these two estuaries and also the above paradigms 
for estuarine vs marine waters, the following hypotheses were tested. 
1. Mean number of species, density, diversity (taxonomic distinctness) and 
species composition of the hyperbenthic fauna will differ significantly between 
the Swan-Canning and Peel-Harvey estuaries and also the marine waters, with 
the greatest differences occurring between estuarine and marine systems. 
2. Mean density will be greater in each of the two estuarine systems than the 
marine waters, while the opposite will be true for mean number of species and 
diversity. 
  
5.2 Materials and Methods   
5.2.1 Collection of hyperbenthic fauna  
 Hyperbenthic faunal assemblages were sampled during winter 2005 and summer 
2006 at 15 nearshore sites throughout the Swan-Canning Estuary and 10 sites in the Peel-
Harvey Estuary (see subsections 3.2.1 and 4.2.1 and Figs 3.1 and 4.1, respectively).  
Hyperbenthos were also sampled during winter and summer 2001 at three nearshore sites in 
the adjacent marine waters (31o58′S - 32o23′S) which differed primarily in their exposure to 
wave activity and extent of submerged vegetation, i.e. 1 - highly sheltered with dense 
macrophyte beds; 2 - moderately sheltered with sparse macrophyte beds; 6 - relatively 
exposed with no seagrass beds (Fig. 5.1).  Further detail on the latter sites and their 
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Figure 5.1: Map of the lower west coast of Australia showing the location of the nearshore sites at 
         which hyperbenthos were collected in the Swan-Canning and Peel-Harvey estuaries (   ) 
         and in the coastal marine waters (   1-highly sheltered; 2-moderately sheltered; 6-






The same method for collecting hyperbenthos was used at each of the above estuarine and 
marine sites, and is described in detail in section 3.2.1 and Coen (2002). 
 
5.2.2 Laboratory processing 
 Laboratory processing of the hyperbenthic samples from all three systems was 
undertaken using the methodology described in section 3.2.2.  The only difference was that, 
given a few of the marine samples contained particularly large quantities of sediment 
and/or numerous fauna >500 m, a Folsom plankton splitter was used to obtain a 
representative subsample of manageable size (i.e. a quarter to one sixteenth of the full 
fraction), and the number of individuals of each taxa adjusted to correspond to that in the 
full fraction. 
 Additionally, the volume used to calculate the density of estuarine taxa was based 
on the distance that the sled was towed, i.e. 50 m, rather than the distance obtained from the 
flowmeter readings (as used previously).  This allowed standardised comparisons to be 
made between all the systems, since Coen (2002) used the distance the sled was towed to 
calculate hyperbenthic densities. 
 Moreover, given that Coen (2002) did not identify copepods to a nominal species 
level, those recorded in the estuarine systems were pooled for their respective order (i.e. 
calanoid, cyclopoid and harpacticoid) to facilitate comparisons.  Ostracod and syllid species 
were also pooled at the order level for all samples due to difficulties in reliably comparing 







5.2.3 Statistical analyses 
 All of the following data analyses were undertaken using the multivariate statistical 
package PRIMER v6 (Clarke and Gorley, 2006) in conjunction with the PERMANOVA+ 
add-on module (Anderson et al., 2008). 
  
5.2.3.1 Mean number of species, density and diversity of hyperbenthic fauna 
 The number of species, density and diversity (average [+] and variation [+] in 
taxonomic distinctness) of hyperbenthic fauna were calculated for each replicate sample 
and averaged for each site in each system (i.e. Swan-Canning Estuary, Peel-Harvey Estuary 
or coastal waters) and season.  Given that the number of sites sampled in each system was 
unequal, particularly with respect to the estuarine vs marine systems (i.e. 15, 10 and 3 sites 
in the Swan-Canning, Peel-Harvey and marine waters, respectively), no attempt was made 
to compare total values between systems.  Moreover, the above diversity indices were used 
instead of average quantitative taxonomic distinctness (*) as employed in subsection 
3.2.3.1 as they are not impacted by sampling effort (Clarke and Warwick, 2001).   
 The averaged data for each of the above variables was then subjected to 
Permutational ANOVA and MANOVA (PERMANOVA; Anderson, 2001) containing 
systems, sites nested within systems and seasons as factors.  Both system and season were 
considered fixed and crossed with each other, while site was treated as random and nested 
within system. Emphasis was placed only on exploring any significant differences between 
systems or interactions involving this factor, given that both intra-system and seasonal 
differences were explored extensively in subsections 3.3 and 4.3 and Coen (2002).  
Moreover, averaged rather than replicate data were used to minimise replicate-to-replicate 
variability in the model and provide a robust test of the main factor of interest.  To account 
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for this, the bottom level interaction was excluded from the PERMANOVA model and 
utilised (conservatively) as the residual term (e.g. Anderson et al., 2008).  The null 
hypothesis that each dependent variable did not differ significantly among groups was 
rejected if the significance level (p) was <0.05, and the extent of any significant differences 
were gauged by the magnitude of their associated components of variation (COV).   
 Prior to undertaking each of the above tests, the linear relationship (slope) between 
the averages and standard deviations of groups of replicate samples for each variable were 
examined to ascertain the type of transformation required, if any, to ameliorate any 
skewness in their distribution (Clarke and Gorley, 2001).  This procedure showed that the 
mean number of species required a square-root transformation, density required a log10 
(n+1) transformation, + required a fourth-root transformation while + did not require any 
transformation.  These transformed data were then used to construct separate Euclidean 
distance matrices for each variable, which were then subjected to PERMANOVA.   
Where the above tests detected significant differences among systems, plots of the 
averages and their 95% confidence intervals were used to identify and illustrate trends.  
Moreover, any significant system differences in + or + were further explored using 
funnel plots to determine whether their values fell within or outside the predicted 95% 
confidence intervals.  Further detail on the approach for calculating these latter plots is 
given in subsection 3.2.3.1.  
 
5.2.3.2 Species composition of hyperbenthic faunal assemblages 
 The raw counts of each hyperbenthic taxon in each replicate sample were dispersion 
weighted and square-root transformed, then averaged for site in each system and season.  A 
Bray-Curtis similarity matrix containing all pairs of samples was then constructed from this 
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pretreated data, then subjected to the same PERMANOVA test as described in subsection 
5.2.3.1 to ascertain the extent of any significant inter-system differences in hyperbenthic 
faunal composition.  
Given that this test detected a significant system x season interaction (see subsection 
5.3.3), system differences were further explored by subjecting seasonal subsets of the above 
Bray-Curtis matrix to one-way Analysis of Similarities tests (ANOSIM; Clarke and Green, 
1988).  The null hypothesis that the hyperbenthic faunal composition did not differ 
significantly among systems was rejected if p <5%.  These Bray-Curtis sub-matrices were 
also subjected to non-metric multidimensional scaling (nMDS) ordination to illustrate 
system trends in hyperbenthic composition.   
When ANOSIM detected significant system differences, complementary one-way 
Similarity Percentages analyses (SIMPER; Clarke, 1993) were used to determine which 
taxa were mainly responsible for those differences.  Focus was placed on those taxa that 
contributed >5% to the data matrix and/or those with similarity or dissimilarity to standard 
deviation ratios of >1.5.   Further detail on the approaches for interpreting ANOSIM and 
SIMPER results is given in section 3.2.3.2.   
   
5.3 Results 
5.3.1 Mean density of hyperbenthic species in each system 
 Sampling of the hyperbenthos throughout the Swan-Canning and Peel-Harvey 
estuaries in winter and summer 2005/06 and the nearby coastal waters in the same seasons 
in 2001 yielded a total of 10,291 individuals from 149 species, 22 classes and 14 phyla.  
The Crustacea was by far the most speciose phyla (64 species), followed by the Annelida 
(25), Chordata (19) and Mollusca (17; Table 5.1).  The total mean density of hyperbenthos 
was far higher in the marine waters (ca 250 individuals m-3) than in either estuarine system, 
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Table 5.1: Mean density (number of individuals 1 m-3; M), standard deviation (SD), percentage contribution (%) and 
rank by density (R) of each hyperbenthic faunal species recorded in the Swan-Canning and Peel-Harvey 
estuaries during winter 2005 and summer 2006 and the adjacent nearshore marine waters during winter and 
summer 2001. Abundant species in each system (i.e. those contributing ≥5% to the overall mean density) are 
highlighted in grey. Each taxon has been assigned to its respective phyla/class, provided in superscript text 
(An-Annelida, C-Crustacea, Cl-Chelicerata, Ch-Chordata, Cha-Chaetognatha, Cn-Cnidaria, Ct-Ctenophora, E-
Echinodermata, Gr- Granuloreticulosa, M-Mollusca, N-Nematoda, Pl-Platyhelminthes, S-Sipuncula, U-
Uniramia / A-Arachnida, Ad-Adenophorea, As-Asteroidea, Ap-Appendicularia, Az-Anthozoa, B-Bivalvia, 
Br-Branchiopoda, C-Copepoda, Ci-Cirripedia, F-Foraminifera, G-Gastropoda, H-Hydrozoa, I-Insecta, Ma-
Malacostraca, O-Ostracoda, Os-Osteichthyes, P-Polychaeta, Po-Pogonophora, S-Scyphozoa, Sa-Sagittoidea, 
T-Turbellaria, Th-Thaliacea). The total number of species and mean density are also given for each system. 
 
  Swan-Canning Peel-Harvey Marine 
 Species namePhyla/Class M SD % R M SD % R M SD % R 
calanoid spp. C/C 2.76 6.11 31.87 1 10.33 50.94 58.83 1 146.99 528.07 58.81 1 
cyclopoid spp. C/C 2.29 9.55 26.44 2 0.41 1.84 2.33 6 13.29 14.02 5.32 4 
harpacticoid spp.C/C 0.88 3.79 10.16 3 1.90 4.38 10.82 2 16.21 43.84 6.49 3 
ostracod spp.C/O 0.74 5.64 8.55 4 0.72 1.96 4.10 5 0.92 2.06 0.37 18 
Musculista senhousiaM/B 0.25 1.19 2.89 5 0.04 0.21 0.23 18      
Palaemonetes australisC/Ma 0.25 0.84 2.89 5 0.24 0.96 1.37 10      
Mysidellinid sp. C/Ma 0.19 1.81 2.19 7 <0.01 0.03 <0.01 39      
Halacarid spp.Cl/A 0.14 1.56 1.62 8 0.01 0.03 0.06 29 0.17 0.57 0.07 35 
Spirorbid sp.An/P 0.12 0.84 1.39 9 0.05 0.20 0.28 16      
Arthritica semenM/B 0.07 0.41 0.81 10 0.05 0.18 0.28 16      
ischyrocerid sp.1C/Ma 0.07 0.26 0.81 10 0.06 0.25 0.34 14      
Leucothoid sp.1C/Ma 0.06 0.56 0.69 12 0.03 0.15 0.17 21      
ctenophore sp.Ct 0.06 0.48 0.69 12           
caprellid sp.1C/Ma 0.06 0.33 0.69 12 0.04 0.21 0.23 18      
Oikopleura spp.Ch/Ap 0.05 0.39 0.58 15      11.28 20.77 4.51 5 
capitellid sp.An/P 0.05 0.19 0.58 15 0.32 1.67 1.82 8 6.68 26.84 2.67 6 
Polyclad sp.2Pl/T 0.04 0.33 0.46 17 <0.01 0.01 <0.01 39      
Corophium minorC/Ma 0.04 0.20 0.46 17 0.06 0.26 0.34 14      
Australonereis elhersiiAn/P 0.03 0.20 0.35 19 0.02 0.12 0.11 25      
Cirripedia naupliiC/Ci 0.03 0.20 0.35 19     0.20 0.42 0.08 33 
Ceratonereis aquisetisAn/P 0.03 0.16 0.35 19 <0.01 0.02 <0.01 39      
Hyalid sp.2C/Ma 0.03 0.16 0.35 19 1.19 5.54 6.78 3      
Daphnia sp.C.Br 0.03 0.15 0.35 19           
nematode spp.N/Ad 0.03 0.11 0.35 19 0.35 2.10 1.99 7 1.65 2.31 0.66 11 
Eusyllinae spp.An/P 0.03 0.08 0.33 19 <0.01 0.01 <0.01 39 0.79 1.34 0.32 20 
Blenniid sp.Ch/Os 0.02 0.20 0.23 26 0.08 0.71 0.46 13      
Gobiid sp.3Ch/Os 0.02 0.14 0.23 26 0.03 0.11 0.17 21      
Serpulid sp.An/P 0.02 0.14 0.23 26 0.18 0.78 1.03 11      
Phyllorhiza punctataCn/S 0.02 0.11 0.23 26           
sabellid sp.An/P 0.02 0.11 0.23 26           
Actinia tenebrosaCn/Az 0.02 0.09 0.23 26 0.01 0.03 0.06 29      
Ampithoid sp. C/Ma 0.02 0.09 0.23 26 0.02 0.14 0.11 25      
Nassarius nigellusM/G 0.02 0.09 0.23 26 0.01 0.05 0.06 29      
Tanaid sp. C/Ma 0.02 0.08 0.23 26           
Velacumantus australisM/G 0.02 0.08 0.23 26           
Atherinosoma elongataCh/Os 0.01 0.08 0.12 36           
Littorinid sp.1M/G 0.01 0.07 0.12 36 <0.01 0.02 <0.01 39      
Tanais dulongiiC/Ma 0.01 0.07 0.12 36 0.12 0.61 0.68 12      
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Leucothoid sp.2C/Ma 0.01 0.06 0.12 36 <0.01 0.02 <0.01 39      
Phyllodoce sp.An/P 0.01 0.06 0.12 36 0.02 0.17 0.11 25      
caprellid sp.3C/Ma 0.01 0.05 0.12 36           
Tanypodin sp.U/I 0.01 0.05 0.12 36 0.04 0.21 0.23 18      
Upeneichthys sp.Ch/Os 0.01 0.05 0.12 36 0.01 0.04 0.06 29      
Apogon sp.Ch/Os 0.01 0.04 0.12 36 0.01 0.10 0.06 29      
Grandidierella propodentataC/Ma 0.01 0.04 0.12 36           
Oribatid spp.Cl/A 0.01 0.04 0.12 36 <0.01 0.02 <0.01 39 0.01 0.01 <0.01 60 
Favartia planilirataM/G 0.01 0.03 0.12 36 <0.01 0.02 <0.01 39      
Exogoninae spp.An/P 0.01 0.02 0.12 36 0.03 0.14 0.17 21 1.25 4.05 0.50 13 
juvenile Aplysiid sp.M/G <0.01 0.04 <0.01 49           
Diogenid sp.1C/Ma <0.01 0.03 <0.01 49      0.01 0.03 <0.01 60 
Metapenaeus dalliC/Ma <0.01 0.03 <0.01 49           
Torquigener pleurogrammaCh/Os <0.01 0.03 <0.01 49 <0.01 0.01 <0.01 39      
Austrolestes sp.I/I <0.01 0.02 <0.01 49           
Corixid sp.U/I <0.01 0.02 <0.01 49           
crab sp. C/Ma <0.01 0.02 <0.01 49           
Exoedicerotid sp. C/Ma <0.01 0.02 <0.01 49           
flabelliferan sp.2C/Ma <0.01 0.02 <0.01 49 <0.01 0.02 <0.01 39      
Polyclad sp.1Pl/T <0.01 0.02 <0.01 49 <0.01 0.02 <0.01 39 0.19 0.54 0.08 33 
Asteroid spp.E/As <0.01 0.01 <0.01 49      0.09 0.33 0.04 41 
Atherinid sp.Ch/Os <0.01 0.01 <0.01 49           
caprellid sp.5C/Ma <0.01 0.01 <0.01 49           
Caraziella sp. An/P <0.01 0.01 <0.01 49           
Ephydrid sp.U/I <0.01 0.01 <0.01 49           
flabelliferan sp.1C/Ma <0.01 0.01 <0.01 49 0.01 0.09 0.06 29 0.01 0.04 <0.01 60 
Gobiid sp.4Ch/Os <0.01 0.01 <0.01 49           
Hyalid sp.1C/Ma <0.01 0.01 <0.01 49 0.01 0.03 0.06 29      
ischyrocerid sp.2C/Ma <0.01 0.01 <0.01 49 0.78 4.80 4.44 4      
Littorinid sp.2M/G <0.01 0.01 <0.01 49           
Odacid sp.Ch/Os <0.01 0.01 <0.01 49           
Penilia avirostrisC/Br <0.01 0.01 <0.01 49      23.03 43.21 9.21 2 
Podon sp.C/Br <0.01 0.01 <0.01 49           
Sagitta sp.Chaa/Sa <0.01 0.01 <0.01 49           
Scalibregmatid sp. An/P <0.01 0.01 <0.01 49           
spionid sp.1An/P <0.01 0.01 <0.01 49           
spionid sp.2 An/P <0.01 0.01 <0.01 49           
Syllinae spp. An/P <0.01 0.01 <0.01 49      0.93 4.21 0.37 18 
Gastrosaccus sorrentoensisC/Ma      0.30 1.18 1.71 9      
Aorid sp. C/Ma      0.03 0.13 0.17 21      
Gynodiastylid sp. C/Ma      0.02 0.09 0.11 25      
Nassarius pauperatusM/G      0.01 0.07 0.06 29      
Dentimitrella lincolnensisM/G      0.01 0.05 0.06 29      
Gobiid sp.2Ch/Os      0.01 0.05 0.06 29      
Austrocochlea rudisM/G      <0.01 0.02 <0.01 39      
Culicid sp.U/I      <0.01 0.02 <0.01 39      
Favonigobius lateralis Ch/Os      <0.01 0.02 <0.01 39      
Gymnapistes marmoratus Ch/Os      <0.01 0.02 <0.01 39      
Hyperlophus vittatus Ch/Os      <0.01 0.02 <0.01 39      
Portunus pelagicusC/Ma      <0.01 0.02 <0.01 39      
Urocampus sp. Ch/Os      <0.01 0.02 <0.01 39      
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Anthurid sp. C/Ma      <0.01 0.01 <0.01 39      
Saldid sp.U/I      <0.01 0.01 <0.01 39      
Sipunculun sp.S      <0.01 0.01 <0.01 39      
Stigmatopora argus Ch/Os      <0.01 0.01 <0.01 39      
Petalophthalmid sp. C/Ma           4.69 14.24 1.88 7 
Exoediceroides sp. 1C/Ma           3.72 7.03 1.49 8 
Hydromedusa spp.Cn/H           3.34 5.39 1.34 9 
Cumacean sp. 1C/Ma           2.15 3.75 0.86 10 
Chaetognath spp.Cg           1.31 3.03 0.52 12 
Foram sp. 1Gr/F           1.20 4.97 0.48 14 
Cladoceran sp.C.Br           1.08 2.78 0.43 15 
Serpulid sp.1 An/P           1.02 5.61 0.41 16 
Cingulopsid sp.M/G           0.95 2.90 0.38 17 
Exoediceroides sp. 4C/Ma           0.62 3.04 0.25 21 
Rhyncospio sp. 2 An/P           0.55 2.37 0.22 22 
Cumacean sp. 2C/Ma           0.54 1.70 0.22 22 
Trochid sp.M/G           0.51 1.95 0.20 24 
Exoediceroides sp. 2C/Ma           0.45 1.16 0.18 25 
Erythropini sp. C/Ma           0.41 1.02 0.16 26 
ischyrocerid sp. C/Ma           0.38 1.32 0.15 27 
Donacilla sp.M/B            0.36 1.03 0.14 28 
Tanaid sp. 2C/Ma           0.30 0.97 0.12 29 
Bivalve sp.1M/B           0.26 1.03 0.10 30 
Tipulid sp.U/I           0.26 1.40 0.10 30 
Thaliacean sp.Ch.Th           0.23 0.69 0.09 32 
Eunicid sp. An/P           0.18 0.65 0.07 35 
Penaeus latisulcatusC/Ma           0.18 0.57 0.07 35 
Calliostoma australeM/G           0.17 0.93 0.07 35 
Ctenodrillid sp. An/P           0.17 0.93 0.07 35 
Ampithoid sp. 1C/Ma           0.14 0.49 0.06 40 
Phoxocephalopsid sp. 1C/Ma           0.10 0.33 0.04 41 
Polychaete sp. 1 An/P           0.09 0.47 0.04 41 
Polyplacophorid sp.M/Po           0.09 0.48 0.04 41 
Pseudoampharete sp. An/P           0.09 0.47 0.04 41 
Sipunculan sp.1S           0.09 0.47 0.04 41 
Syngnathid sp. 1 Ch/Os           0.09 0.47 0.04 41 
Tanaid sp. 1C/Ma           0.09 0.32 0.04 41 
Dexaminid sp. 1C/Ma           0.06 0.26 0.02 49 
Phoxocephalopsid sp. 2C/Ma           0.05 0.16 0.02 49 
Eusirid sp. 1C/Ma           0.04 0.23 0.02 49 
Lyssianassid sp. 1C/Ma           0.04 0.23 0.02 49 
Lyssianassid sp. 2C/Ma           0.04 0.23 0.02 49 
Exoediceroides sp. 3C/Ma           0.03 0.12 0.01 54 
Ampithoid sp. 3C/Ma           0.02 0.12 0.01 54 
Callionassid sp. C/Ma           0.02 0.06 0.01 54 
Prionospio sp. An/P           0.02 0.12 0.01 54 
Raricirrus sp. An/P           0.02 0.12 0.01 54 
Serolid sp. An/P           0.02 0.12 0.01 54 
Arcturid sp. C/Ma           0.01 0.03 <0.01 60 
Caprellid sp. C/Ma           0.01 0.03 <0.01 60 
Clupeid spp. Ch/Os           0.01 0.03 <0.01 60 
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Cyproideid sp. 3C/Ma           0.01 0.03 <0.01 60 
Foram sp. 2Gr/F           0.01 0.03 <0.01 60 
Gnathid sp. C/Ma           0.01 0.03 <0.01 60 
Nebalia sp.1C/Ma           0.01 0.03 <0.01 60 
Valviferid sp. C/Ma           0.01 0.03 <0.01 60 
Dipteran sp. 2U/I           <0.01 0.01 <0.01 68 
Rutidermatid sp.C/O           <0.01 0.02 <0.01 68 
Terebellid sp. An/P                 <0.01 0.01 <0.01 68 
Number of Species  76     60     73    
Total Mean Density  8.66     17.56     249.94    
 
and particularly the Swan-Canning (ca 8 individuals m-3).  Although the sampling effort 
was considerably greater in each estuary, the total number of species recorded in the Peel-
Harvey Estuary was still lower than that for the marine waters (Table 5.1).  
Calanoid and harpacticoid spp. ranked in the top three species in all systems, 
collectively comprising ca 9-50% of the total number of individuals.  However, there were 
notable differences in other dominant species, particularly between the estuarine and 
marine systems.  For example, whereas the cladoceran Penilia avirostris ranked second in 
terms of abundance (ca 9%) in the marine waters, it was either not recorded or recorded in 
very low numbers in the estuarine systems.  Moreover, while ostracod spp. were relatively 
abundant and/or had similar mean densities in the estuarine systems, they were far less 
abundant in marine waters.  The amphipod Hyalid sp.2 ranked third in abundance in the 
Peel-Harvey (ca 7%), but was not found at all in the marine waters and only in very low 
densities in the Swan-Canning Estuary (Table 5.1).  Additionally, over 75% (56) of the 
hyperbenthic species found in the marine waters were not recorded in either estuary, with 
several of these comprising ≥1% of the total number of individuals, e.g. capitellid sp., 
Petalophthalmid sp. and Exoediceroides sp.1.  The opposite was also true, with just over 
half of the 77 species found in either estuary not being recorded in the marine waters (Table 
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5.1).  Several of these taxa were molluscs or fish, e.g. Littorinid spp., Nassarius nigellus 
and Atherinosoma elongata.  
 
5.3.2 System differences in the mean number of species, density and taxonomic 
distinctness of hyperbenthos 
 Both the mean number of species and density of hyperbenthos were shown by 
PERMANOVA to differ significantly among systems, but not among any other terms in the 
three-way model (Table 5.2).  Average taxonomic distinctness (differed significantly 
between systems, seasons and the interaction term, with the latter exerting the greatest 
influence on this dependent variable.  Variation in taxonomic distinctness (did not 
exhibit any significant differences (Table 5.2). 
 Both the mean number of species and density of hyperbenthos in the marine waters 
was more than twice that in either estuarine system, i.e. 15.2 vs 6.7-7.4 (Fig. 5.2a) and 19.8 
vs 4.2-4.6 individuals m-3 (Fig. 5.2b), respectively, while there were no significant 
differences detected between the two estuarine systems.  In contrast, mean + was very 
similar between all systems in winter, but was much lower in the Peel-Harvey Estuary 
during summer (Fig. 5.2c).  Further investigation of this variable using funnel plots 
demonstrated that in both seasons, all sites from all systems fell within the expected range, 
except for one from the Peel-Harvey Estuary (Fig. 5.3a, b).   Most sites from all systems 
tended to have lower than average diversity in winter, while the opposite was true in 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 5.2: Mean (a) number of species, (b) density and (c) average taxonomic distinctness 
         (∆+) of the hyperbenthos recorded during winter and summer in the 
         Swan-Canning Estuary (SC), Peel-Harvey Estuary (PH) and adjacent marine 
         waters (M). For the sake of clarity, the average    95% confidence intervals have 



















































Figure 5.3: Funnel plots of the average taxonomic distinctness (∆+) of hyperbenthic 
         fauna recorded in the Swan-Canning Estuary, Peel-Harvey Estuary




















5.3.3 System differences in hyperbenthic faunal composition 
 Three-way PERMANOVA demonstrated that the species composition of the 
hyperbenthos differed significantly among all model terms (p=0.001-0.039), with by far the 
most influential of those being the system main effect (Table 5.3).  The next greatest source 
of variability was site within systems, followed by the system x season interaction.  Given 
the latter, further examination of system differences using ANOSIM was undertaken 
separately for each season. 
One-way ANOSIM detected significant differences in hyperbenthic species 
composition in both winter and summer, with the overall extent of those differences being 
moderate but notably greater in the former season (Global R = 0.564 and 0.303, 
respectively; Table 5.4a, b). 
 
Table 5.3: Mean squares (MS), pseudo F-ratios, components of variation (COV) and significance levels  
                    (p) for a three-way PERMANOVA on the composition of the hyperbenthos in the Swan-Canning,  
                    Peel-Harvey and marine systems during winter and summer. df = degrees of freedom. Significant  
                    results are highlighted in bold. 
 
 
    Hyperbenthic Composition  
  df MS Pseudo F COV p 
Main effects     
System 2 13959.00 4.80 28.43 0.001 
Season 1 3992.70 1.77 10.24 0.039 
Site (System) 25 2941.20 1.30 19.11 0.008 
Two-way Interaction     
System * Season 2 3885.20 1.72 15.44 0.017 








Table 5.4: Global and pairwise R-statistic values detected by one-way ANOSIM tests of the hyperbenthic  
                   species compositions in the Swan-Canning, Peel-Harvey and marine systems in a) winter and b)  
                   summer. Significant values are in bold. 
 
 






Peel-Harvey 0.395  
Marine 0.863 0.974 
 
 






Peel-Harvey 0.175  
Marine 0.356 0.917 
 
During winter, significant differences occurred between all systems, with by far the 
greatest between the marine and estuarine systems (R=0.863-0.974) and relatively small 
differences between the two estuaries (Table 5.4a).  These differences are clearly illustrated 
on the MDS ordination plot in Fig. 5.4a, in which the marine sites formed a discrete group 
that lay a considerable distance from those for the Swan-Canning and Peel-Harvey 
estuaries.  Most sites from the latter two systems still tended to form separate groups, but 
lay close to one another (Fig. 5.4a). 
 One-way SIMPER showed that the marine vs estuarine differences in winter were 
due in part to the fact that P. avirostris, Cumacean sp.1, Oikopleura spp., Exoediceroides 
sp.1, Donacilla sp. and Chaetognath spp. characterised the former system but were never 
recorded in either estuary, whereas the opposite was true for ischyrocerid sp.1, Arthritica 
semen in the Swan-Canning and Gastrosaccus sorrentoensis in the Peel-Harvey (Table 






Figure 5.4: MDS ordination plots derived from the average hyperbenthic species
         composition recorded at each site in each system during (a) winter and 





Table 5.5:  Species that consistently typified (provided along the diagonal) and distinguished (provided in the 
sub-diagonal) the hyperbenthic assemblages in each system during winter, as detected by one-way 
SIMPER. The system in which each species was most abundant is given in superscript for each 
pairwise comparison. SC = Swan-Canning; PH = Peel-Harvey; M = Marine.  
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marine and at least one of the estuarine systems, they were always more abundant in the 
former (Table 5.5). 
Hyperbenthic composition in summer differed significantly and to a large extent 
between the marine and Peel-Harvey systems (R=0.917) but not between any of the other 
systems (Table 5.4b).  MDS ordination reflected these trends, with samples from the marine 
system lying to the left of the plot (Fig. 5.4b) and clearly discrete from those from the Peel-
Harvey, but with the samples from the Swan-Canning Estuary forming a relatively 
dispersed group adjacent to those for both other systems.  
The hyperbenthic differences between the marine waters and Peel-Harvey Estuary 
in summer were driven partly by the prevalence of Hydromedusa spp., Chaetognath spp., 
Oikopleura spp., Tanaid sp.2, Exoediceroides sp.1, Cingulopsid sp. and Cirripedia nauplii 





Table 5.6: Species that consistently typified (provided along the diagonal) and/or distinguished (provided in 
the sub-diagonal) the hyperbenthic assemblages in each system during summer, as detected by one-
way SIMPER. The habitat in which each species was most abundant is given in superscript for 
each pairwise comparison. SC = Swan-Canning; PH = Peel-Harvey; M = Marine. Insignificant 
pairwise comparisons (as determined by ANOSIM – see Table 5.4b) are highlighted in grey. 
 
 







































The Peel-Harvey, in contrast, was the only system to be typified by Hyalid spp.1 and 2 and 
ischyrocerid sp.1, while the only characteristic species unique to the Swan-Canning was 
Palaemonetes australis (Table 5.6).  Calanoid spp., cyclopoid spp. and/or harpacticoid spp. 
typified all three systems, but they were always more abundant in the marine waters (Table 
5.6).    
 
5.4 Discussion   
5.4.1 Differences in the mean number of species, density and diversity of hyperbenthic 
fauna among estuarine and marine systems 
 The first hypothesis proposed in this study, that the mean number of species, density 
and diversity of hyperbenthic fauna will differ significantly between the Swan-Canning and 
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Peel-Harvey estuaries and also the marine waters, with the greatest differences occurring 
between estuarine and marine systems, was only partially supported by the outcomes of this 
study.  Thus, while both the mean number of species and density differed significantly 
between the marine and both estuarine systems, they did not differ between the two 
estuaries.  Moreover, the only significant differences in diversity (taxonomic distinctness) 
occurred between the Peel-Harvey Estuary and both the Swan-Canning and marine systems 
in summer.   
The second proposed hypothesis, namely that mean hyperbenthic density will be 
greater in each of the estuaries than the marine waters while the opposite will be true for 
mean species richness and diversity, was again only partly supported by the outcomes of 
this study.  Thus, species richness was, as anticipated, far higher in the marine than 
estuarine waters (i.e. 15.2 vs 6.7-7.4), while diversity, as indicated above, was higher in the 
marine waters than only one of the estuaries and in only one season, but was otherwise 
similar across systems.  In direct contrast to the proposed hypothesis, however, mean 
hyperbenthic density was nearly five times greater in the marine than estuarine systems (20 
vs 4-5 individuals m-3).  There are few other examples of the latter in the scientific 
literature, for hyperbenthos or any other fauna, with the exception of those studies which 
have clearly identified environmental anomalies in the estuarine system that are likely to be 
the underlying cause of such “reverse” trends (e.g. Mees and Hamerlynck, 1992). 
The largely comparable hyperbenthic diversity recorded in the estuarine and marine 
waters in this study is seemingly unusual, based on commonly-accepted paradigms (e.g. 
Elliott and Whitfield, 2011) and demonstrated trends in other faunal groups (e.g. Giberto et 
al., 2004; Honggang et al., 2012).  However, Tweedley et al. (2015) also found that mean 
diversity (taxonomic distinctness) of benthic macroinvertebrate assemblages did not differ 
significantly between a large number of estuaries and their adjacent coastal waters across 
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the United Kingdom.  This finding is perhaps less surprising than that in the current study, 
given that their study area is macrotidal and hence all of the estuarine systems are heavily 
influenced by large marine incursions which would increase similarities with the coastal 
environment.  In contrast, the extremely small tidal range along the lower west coast of 
Australia and narrow entrance channels of estuaries in this region, would be expected to 
exacerbate estuarine vs marine differences due to the relatively low water exchange 
between these two environments.   Hourston et al. (2011), who compared meiofaunal 
assemblages between the Swan-Canning Estuary and adjacent marine waters along this 
microtidal coast, did find that overall diversity (based on Simpson’s index) was greater in 
the marine waters despite far fewer samples being collected than in the estuary.  Yet, the 
opposite was true, and to a considerable extent, when mean diversity was examined.  The 
latter highlights one potential problem when interpreting diversity trends between estuarine 
and marine environments across different studies, and hence the extent to which they 
conform with generally-accepted paradigms such as those proposed by Elliott and 
Whitfield (2011).  Thus, it is sometimes not clear whether total or mean diversity was 
measured, e.g. Vansteenbrugge et al. (2015), which as demonstrated above can lead to 
opposing outcomes.   Moreover, “diversity” may be reflected by a wide range of indices 
and is sometimes used interchangeably with species richness in the ecological literature, 
leading to further comparability issues.  
The significantly lower hyperbenthic diversity recorded in the Peel-Harvey Estuary 
than in the Swan-Canning or marine systems in summer during the current study reflects a 
reduced spread of species across higher taxonomic levels (Warwick and Clarke, 1995; 
Clarke and Warwick, 2001) in that system and season.  Given that the diversity index 
employed is also designed to detect the ecological effects of anthropogenic disturbance 
(Warwick and Clarke, 1998), such findings suggest that the above hyperbenthic assemblage 
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is being subjected to greater environmental stress.   It is noteworthy that Wildsmith et al. 
(2009) also found that the benthic macroinvertebrate fauna in this system is now far less 
taxonomically diverse than in the mid-1980s, despite a major eco-engineering initiative in 
1994 (the Dawesville Cut) intended to improve the environmental quality of that system 
(see subsection 4.1).  Tweedley et al. (2012) further showed that the diversity (+) of the 
above faunal assemblage was the only one to fall below the expected range based on 
samples from estuaries across south-western Australia and Southern Africa, implying a 
notably lower benthic environmental quality in that system. 
In contrast to the above, there are few published studies that have detected lower 
densities of fauna in estuarine than comparable marine environments.  For example, 
Hourston et al. (2011) found that the mean density of meiofauna was much lower in the 
marine waters adjacent to the Swan-Canning Estuary than in the estuary itself (ca 87 vs 
340-903 individuals 10 cm-2).  Tweedley et al. (2015) also found considerably higher mean 
densities of benthic macroinvertebrates in estuarine than marine waters across the United 
Kingdom, despite the far greater tidal incursions in those macrotidal systems and thus the 
expectation that faunal attributes would be more similar  between those two environments.  
Many other studies worldwide, on the hyperbenthos and other faunal groups, have found 
similar trends, e.g. Mouny et al. (2000), Able et al. (2006), Dauvin et al. (2006; 2010), 
Dauvin and Pezy (2013). 
 One of the only known studies that has also found higher faunal densities in marine 
than estuarine waters is that by Mees and Hamerlynck (1992), who examined the 
hyperbenthos in the Westerschelde and Oosterschelde estuaries and their adjacent coastal 
waters in the Netherlands.  While densities in the Westerschelde were higher than in the 
marine waters, the opposite was true for the Oosterschelde. The latter was attributed to low 
nutrient loadings in the estuary arising from various hydrological engineering structures 
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built in the late 1980s, as well as the dominance of benthic suspension feeders 
outcompeting the hyperbenthos for food. 
It is unclear why the mean densities of hyperbenthos in the current study were far 
greater in the marine than estuarine waters.  The main species contributing to these higher 
densities were calanoid spp., which was at least twice as abundant in the marine than 
estuarine waters, and Oikopleura spp., Penilia avirostris and Exoediceroides sp.1, which 
either did not occur in the estuaries or were an order of magnitude more abundant in the 
marine waters.  All of these species were only present or far more prevalent at the more 
exposed marine sites than the highly sheltered one, suggesting their tolerance to the greater 
physical instability at these higher-energy areas, and thus ability to exploit their available 
resources. For example, turbulence suspends the organic material in the water column 
which would provide key food resources for several of the above species (Edgar, 2001; 
Beukema et al., 2002).  Additionally, the Swan-Canning and Peel-Harvey estuaries are 
highly modified, and continue to be subject to growing anthropogenic perturbations (e.g. 
Stephens and Imberger, 1996; Cloern et al., 2013; http://www.ozcoasts.gov.au 2014) in 
addition to broader environmental stressors associated with climate change, such as major 
reductions in freshwater flow (Bureau of Meterology, 2015; Department of Water, 2015).  
Such cumulative impacts may thus also be contributing to the lower density of 
hyperbenthos within these systems.  Dauvin et al. (2010) and Dauvin and Pezy (2013), who 
examined the hyperbenthic assemblage in the highly modified and degraded Seine Estuary, 
linked declines in density to both of the above broad types of stressors.  However, while 
both the Swan-Canning and Peel-Harvey estuaries are showing signs of substantial 
environmental stress (e.g. micro- and macro-algal blooms, occasional fish deaths, 
reductions in fish, prawn and crab stocks), they are unlikely to be at the more extreme end 
of the spectrum on a global scale.  Moreover, as outlined earlier, Hourston et al. (2011) 
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recorded far greater mean densities of nematodes, which are well known indicators of 
environmental stress, in the first of these estuaries than the marine waters.  
Lastly, and similarly to the situation described by Mees and Hamerlynck (1992), it 
is possible that competition with benthic macroinvertebrates may be contributing to the far 
lower than anticipated densities of hyperbenthos in the estuarine systems.  However, 
discerning whether the mean densities of benthic macroinvertebrates in the Swan-Canning 
(1213 individuals 0.1m-2; Wildsmith et al., 2011) and Peel-Harvey estuaries (959 
individuals 0.1m-2; Wildsmith et al., 2009) are high compared to other temperate 
permanently-open estuaries, and/or whether the mean densities of hyperbenthos (382 
individuals m-3 and 578 individuals m-3, respectively) are low, is extremely difficult given 
sampling differences among studies worldwide (also see section 4.4).  Predation effects by 
fish could also be contributing to the observed trends in hyperbenthic density, with several 
of the abundant fish species recorded in the estuaries (e.g. Leptatherina wallacei, 
Pseudogobius olorum and/or Acanthopagrus butcheri, all of which remain in the estuary 
for their entire life; Valesini et al., 2009) known to prey extensively on the hyperbenthos 
(Linke, 2011).  Similarly, predation by fish on the hyperbenthos in the adjacent marine 
waters also occurs, with crustaceans such as copepods, crabs and mysids ingested by 
Sillago bassensis, Sillago vittata, Spratelloides robustus and Pseudorhombus jenynsii 
(Schafer et al., 2002).  However, these fish species were not found to be as abundant at the 
marine sites as those species in the estuarine environment (Valesini et al., 2004). 
 
5.4.2 Differences in hyperbenthic species composition among estuarine and marine 
systems 
 Extremely large differences in the species composition of the hyperbenthic 
assemblage were detected between the marine and estuarine waters in winter (R>0.860), 
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and moderate differences also occurred between the two estuaries in this season.  Species 
composition also differed markedly between the marine waters and Peel-Harvey Estuary 
during summer (R=0.917), but no other significant system differences were found in this 
season.  Such findings again provide only partial support for the first hypothesis in this 
study. 
Three quarters of the hyperbenthic taxa recorded in the marine system were not 
found in either estuary and half of the estuarine taxa were not found in the marine waters.  
Several of the taxa that best distinguished the marine and estuarine assemblages were also 
largely exclusive to one of those main systems.  For example, both the amphipod 
Exoediceroides sp.1 and the mysid Petalophthalmid sp. characterised and/or distinguished 
the hyperbenthos in the marine waters, but were never recorded in either estuary.  The 
Exoedicerotid family are known to commonly inhabit temperate nearshore marine 
environments, utilising seagrass as both food and shelter (Lowry and Stoddart, 2003), while 
the Petalophthalmid family are typically found in deeper marine waters (Meland, 2002).  
Moreover, the cladoceran Penilia avirostris, which was second-most abundant in the 
marine waters but either did not occur or occurred in very low densities in the estuaries, is 
known to attain high densities in favourable marine conditions due to its ability to 
reproduce parthenogenetically (Li et al., 2014).  Chaetognath spp., also prevalent in and 
exclusive to the coastal waters in this study, are common in other nearshore marine waters 
worldwide and are voracious predators, opportunistically feeding upon abundant planktonic 
and benthic fauna, including P. avirostris (Marazzo and Valentin, 2003).  
Conversely, several species that characterised at least one of the estuarine systems 
were not found at all in the marine waters, including the bivalve Arthritica semen and the 
amphipod Hyalid sp.2.  The first of these species has several adaptations for dealing with 
the variable environs of an estuary, such as a highly efficient osmoregulatory ability, 
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continuous reproduction, rapid growth and a short life cycle (Wells and Threlfall, 1982a, b; 
Kanandjembo et al., 2001).  Species of the family Hyalidae also have a wide salinity 
tolerance ranging from fresh to marine conditions, and being shallow-water herbivores are 
commonly associated with habitats containing abundant seagrass or macroalgae (Lowry 
and Stoddart, 2003).  The prevalence of Hyalid sp.2 only in the estuarine environment may 
be due to competition with the numerous other amphipod taxa only found in the marine 
waters (e.g. Exoediceroides spp.1, 2 and 4), and/or possibly the presence of more palatable 
macrophyte species in the estuaries, e.g. Halophila ovalis, the dominant seagrass in the 
estuaries which has thin paddle-shaped leaves, as opposed to Posidonia australis, the 
dominant seagrass in the marine waters which has thicker strap-like leaves (Hillman et al., 
1995; Smith and Walker, 2002; Carruthers et al., 2007). 
Several species characterised the hyperbenthos in both the marine and estuarine 
waters, but were typically more abundant in the former, including calanoid, cyclopoid 
and/or harpacticoid copepods.  It is of course possible that different species within each of 
these broad taxa dominated the faunas of the marine vs estuarine systems, and indeed those 
of the two estuaries, but further detailed taxonomic analysis would be required to determine 
this, which was beyond the scope of this study.  It is not unusual for copepods to be highly 
abundant in both estuarine and marine waters, given that they are common in all epibenthic 
and sediment biotopes and have a range of body forms that are able to exploit diverse 
habitats (Bell et al., 1987; Mu et al., 2002).           
 Unlike the significant compositional differences detected between all three study 
systems in winter, only the hyperbenthos of the marine waters and Peel-Harvey Estuary 
differed in summer.  It is to be expected that permanently-open estuaries in south-western 
Australia become more environmentally and ecologically similar to their adjacent coastal 
waters in this season, given the lack of freshwater flow and greater intrusion of marine 
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waters upstream (Spencer, 1956; Stephens and Imberger, 1996; Hodgkin, 1998).  However, 
it is less clear why large hyperbenthic differences were maintained between the Peel-
Harvey and marine waters in summer, particularly given that this estuary has been modified 
to create a second entrance channel and thus enhance tidal flushing.  One potential 
contributing factor could be that the closest marine site to the Peel-Harvey system was 
approximately 20 km away, while the closest marine site to the Swan-Canning Estuary was 
only ca 3 km away.  Deterioration in the benthic ecological health of the Peel-Harvey, as 
indicated by Wildsmith et al. (2009), Tweedley et al. (2012) and also the trends in 
hyperbenthic diversity in the current study, may also be contributing to the large 
hyperbenthic differences between this system and the marine waters in summer.   
In conclusion, while several findings in the current study conform to generally-
accepted paradigms of biotic differences between estuarine and marine systems, others, and 
most notably those for mean hyperbenthic density, do not.  It should be reiterated that this 
is the first study of hyperbenthic differences between microtidal, permanently-open 
estuaries and their adjacent coastal waters in the southern hemisphere.  Thus, further study 
is clearly required to determine whether the trends uncovered here are specific to the study 
area and/or are anomalous, or also occur in other comparable areas.  Moreover, it is 
acknowledged that, due to the differences in the years in which the estuarine and marine 
systems were sampled (2005-06 and 2001, respectively), interannual variation in climatic 
conditions may have contributed to some of the differences in the hyperbenthos observed in 
these broad system types.  For example, local rainfall in 2005-06 was generally higher than 
in 2001, with, for example, ~90-146 mm of rain being recorded in autumn-winter of the 
former year compared to ~40-127 mm in the second year (BOM, 2016).  Such differences 
could have influenced, in particular, the hyperbenthic assemblages present in the estuarine 






6.1 Classifying habitats within south-western Australian estuaries  
 The fully quantitative habitat classification scheme that was developed for estuaries 
in south-western Australia provides a consistent and robust framework for discerning 
genuine habitat differences on the basis of widely available enduring environmental 
criteria, and can be replicated reliably by any user.  The resulting classification further 
provides a sound basis for designing faunal sampling regimes to test environmental-faunal 
linkages, and also explore the ability of habitat differences to act as cost-effective 
surrogates for understanding faunal differences. 
Although developed for south-western Australian estuaries, the habitat classification 
scheme produced during this study, in conjunction with Valesini et al. (2010), could be 
applied to any estuary worldwide and readily adapted to suit local conditions through the 
inclusion or exclusion of distinguishing environmental characteristics, e.g. other substrate 
or aquatic vegetation types, criteria to distinguish tidal states etc.  The flexibility of this 
local-scale (‘within-estuary’) scheme was further demonstrated in the current study through 
the novel addition of regional-scale (‘across-estuary’) environmental variants, enabling 
differences in geographical region and estuarine bar state to be accounted for.  Such 
developments demonstrate how this scheme could be readily incorporated into the finer 
levels of larger, hierarchical classification approaches developed for use at national or even 
international scales. 
When the scheme was applied at the local scale, a total of 18, 17, 15 and six 
significantly different habitats were identified in the Swan-Canning, Peel-Harvey, Wilson 
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and Wellstead estuaries, respectively.  This variation among estuaries in the number of 
habitats reflects not only their size, but also the complexity of their morphologies and 
benthic cover types.  When the enduring environmental data for all four estuaries was 
combined and the habitat classification scheme applied at the regional scale, the resulting 
habitats almost always comprised sites from a single estuary due largely to marked 
differences in the geographical locations of systems (and particularly west vs south coast 
estuaries) and/or estuarine bar state.  When both of the latter two environmental layers were 
relaxed and the classification scheme encouraged to distinguish habitats largely on the basis 
of estuarine morphology, wave exposure and benthic cover type, a few of the resultant 
habitats contained a mix of sites, either from the entrance channels of the Swan-Canning 
and Peel-Harvey estuaries, or from the channel and basin regions of the Swan-Canning and 
Wilson Inlet systems.  However, sites from the Wellstead Estuary never formed habitats 
with those from other systems, highlighting the environmental uniqueness of this small 
estuary (e.g. smaller fetches, high proportions of samphire and snags), irrespective of its 
geographical location at the south-eastern extreme of the study area and comparatively 
unique bar-state.  
Thus, the above applications of the habitat classification scheme highlights the fact 
that habitats within estuaries along the lower west coast of Australia are, for the most part, 
exclusive to their respective system and not found anywhere else.    
 
6.2 The hyperbenthos of the Swan-Canning and Peel-Harvey estuaries and their 
relationships with habitat type 
The current study is the first of the hyperbenthos in any Australian estuary, and one 
of a small number in estuaries throughout the southern hemisphere (e.g. Tararam et al., 
1996; Heyns and Froneman, 2010; Lill et al., 2011; 2012). 
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The hyperbenthic assemblages of the Swan-Canning and Peel-Harvey estuaries 
were largely dominated by copepods (calanoids, cyclopoids and harpacticoids), ostracods 
and amphipods.  This contrasts with the findings of many studies in temperate northern 
hemisphere estuaries, where the hyperbenthos are overwhelmingly dominated by mysids 
and decapods (e.g. Mees et al., 1993a; Azeiteiro and Marques, 1999; Mouny et al., 1998; 
2000; Cunha et al., 1999; Drake et al., 2002; Dauvin et al., 2006; 2010; Dauvin and Pezy, 
2013).  While direct comparisons are difficult given that many of the latter workers 
excluded copepods from their analyses, the densities of mysids and decapods recorded in 
the current study were orders of magnitude lower than those reported for northern 
hemisphere systems.  The underlying reasons for such differences may, in part, be driven 
by the major geomorphological and hydrological dissimilarities between the shallow 
microtidal systems in the current study and the tidally-dominated and often deeper estuaries 
examined by the above workers.  Thus, mysids are well known to be positively correlated 
with turbidity, which is typically far greater in the more turbulent conditions of the latter 
systems, and also with deeper waters (Mouny et al., 1998; 2000; Roast et al., 2004; Rappé 
et al., 2011).  The efficiency of capture of mysids is also likely to be greater in the northern 
hemisphere studies, not only due to the more turbid conditions and thus reduced ability for 
these visual and fast swimming taxa to detect the sampling gear, but also because many of 
those workers towed their nets by boat rather than hand as in the current study.      
Virtually all published studies of spatial differences in the hyperbenthos of 
temperate estuaries worldwide have qualitatively chosen sites along a salinity gradient or 
arbitrarily within broad regions of the system, e.g. river, basin and channel (e.g. Mees et al., 
1995; Mouny et al., 1998; 2000; Azeiteiro and Marques, 1999; Drake et al., 2002; Costa-
Dias et al., 2010; Heyns and Froneman, 2010).  In contrast, site selection in the current 
study was guided by the above local-scale habitat classification scheme, and thus the sites 
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chosen were known to not only cover the collective environmental diversity throughout 
each system, but also known to represent significantly distinct habitat types.  This 
classification framework thus clearly provides a more rigorous basis for designing sampling 
regimes in studies aimed at characterising spatial differences in faunal assemblages 
throughout estuaries.    
 
6.2.1 Habitat differences in hyperbenthic assemblages  
Hyperbenthic species composition differed significantly among habitats in both the 
Swan-Canning and Peel-Harvey estuaries, with the overall extent of differences being 
moderate and with large differences occurring between several pairs of habitats. Although 
the hyperbenthos did not differ significantly between some habitats in both systems, this 
usually reflected findings from adjacent habitats with relatively similar environmental 
attributes.  It is highly pertinent, however, that in both estuaries, hyperbenthic differences 
among habitats were greater than those among broad channel, basin and riverine regions, 
demonstrating the importance of examining these fauna at finer rather than broader spatial 
scales.  Moreover, spatial trends in hyperbenthic composition at the species level were very 
similar to those at broader taxonomic levels such as class. This not only indicates that the 
main spatial distinctions in the fauna are being driven by higher taxonomic levels and that 
these assemblages are taxonomically diverse, but also provides support for future studies to 
save on resource costs and time by only classifying taxa to broader levels.  
Habitat differences in the hyperbenthos were generally greater in the Swan-Canning 
Estuary, with the largest distinctions occurring between habitats that lay at opposite ends of 
the system and had the most disparate water quality and benthic cover characteristics, 
i.e. A/C in the upper estuary vs E in the lower estuary.  The greatest hyperbenthic 
differences in the Peel-Harvey, however, occurred between habitats in the two basins, i.e. B 
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in the Peel Inlet vs H/K in the Harvey Estuary.  The above findings are likely to be partly 
related to the inability to sample habitats further upstream in the tidal rivers of the Peel-
Harvey (i.e. beyond D) due to exceptionally soft muddy substrates and/or very steep banks.  
The unusual geomorphology of this system, in which two of its rivers lie adjacent to the 
natural entrance channel, is also likely to contribute to the reduced habitat differences in 
hyperbenthos compared to the Swan-Canning, whose major tidal and riverine inputs are at 
opposite ends of the system.   
The extent of hyperbenthic differences among habitats was comparable in winter 
and summer, but was slightly greater in the latter season in the Swan-Canning Estuary 
while the opposite was true in the Peel-Harvey.  In both systems, the hyperbenthos at 
several habitats was more depauperate in summer, a finding which contrasts with those of 
several hyperbenthic studies in temperate northern hemisphere estuaries (e.g. Mees et al., 
1993a; Azeiteiro and Marques, 1999; Mouny et al., 2000; González-Ortegón, 2012).  The 
majority of the habitats, however, contained a greater species richness and/or density in 
summer than winter, with reproductive and recruitment patterns, warmer water 
temperatures and increased salinities and/or food sources (phytoplankton and other 
crustaceans) the main contributors to this temporal difference, which is in line with the 
findings of other workers (Buhl-Jensen and Fossa, 1991; Mees et al., 1993a; Drake et al., 
2002; Heyns and Froneman 2010). 
While the summer and winter seasons sampled in the current study typically exhibit 
the greatest differences in those environmental characteristics that change seasonally in 
estuaries (i.e. and thus would be expected to have the most seasonally disparate 
hyperbenthic assemblages), some studies in northern hemisphere systems have shown that 
hyperbenthic species richness, density and composition is the most seasonally distinct in 
spring and/or autumn (Mees et al., 1993a, 1993b; Tararam et al., 1996; Drake et al., 2002; 
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Heyns and Froneman, 2010).  Reproductive timing and post-reproductive mortality are 
among the main factors that account for this seasonality, along with water temperature and 
food availability. Such findings suggest that the full extent of temporal differences in the 
hyperbenthic assemblages of the Swan-Canning and Peel-Harvey estuaries may yet to be 
determined. 
 
6.2.2 Correlating habitat patterns between hyperbenthos and environmental 
characteristics  
Establishing a significant match between the spatial patterns of faunal assemblages 
and those of influential environmental variables provides a critical foundation for enabling 
prediction of those fauna at unsampled sites, based only on measurements for the key 
environmental criteria.  That is, the latter can provide sound surrogates for characterising 
relevant faunal distributions and are a far more cost-effective alternative to further faunal 
sampling, particularly when those environmental measurements can be derived from 
readily available maps, such as the enduring criteria used to define habitats in the current 
study.  The resultant predictive abilities have many applications in ecological research and 
natural resource management, including quantitative faunal benchmarks and managing 
trophic cascades. 
The current study demonstrated that the pattern of habitat differences in the 
hyperbenthos throughout the Swan-Canning Estuary was significantly and moderately well 
correlated with that in both the enduring environmental and non-enduring water quality 
characteristics, with the former providing the best match with the fauna in winter and the 
latter providing a slightly better match in summer.  Significant and moderate habitat 
correlations between the hyperbenthos and both suites of environmental characteristics 
were only detected in the Peel-Harvey Estuary in winter, with the non-enduring attributes 
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providing a marginally better match.  Although the water quality characteristics thus 
provided a better spatial correlation with the hyperbenthos in some cases, the small 
improvement over the enduring environmental attributes is unlikely to justify the extra 
resource expenses required to obtain the necessary field measurements of these data (i.e. for 
all sites and seasons of interest) to facilitate faunal predictions.  
The ability of the enduring environmental variables and thus habitat classification 
scheme to provide a reliable basis for predicting hyperbenthic faunal composition was 
examined at two additional sites in the Swan-Canning Estuary.  Although some significant 
differences were detected between the actual vs predicted hyperbenthos when the full 
assemblage was examined, the typifying species were highly similar.  Moreover, the test 
sites examined both belonged to the most faunistically-variable habitat throughout the 
estuary, i.e. habitat C in the upper reaches.  Further field validation at a greater range of 
sites in this system and also the Peel-Harvey is clearly required to better explore the faunal 
prediction capacity of the habitat classification scheme.  Examining the hyperbenthos at 
habitats identified in the seasonally-open Wilson Inlet and normally-closed Wellstead 
Estuary would also further strengthen understanding of the broader ability of the habitat 
classification scheme to reliably predict hyperbenthic fauna.  If such additional 
hyperbenthic data were to be collected, faunal validation of the regional-scale ‘across-
estuary’ habitat classification framework would then be possible, enabling greater 







6.3 Hyperbenthic differences between estuarine and marine waters along the lower 
west coast of Australia 
Estuaries provide a considerably different environment for fauna than their adjacent 
nearshore marine waters given, for example, the far steeper water quality and sediment 
characteristic gradients in the former and the often greater level of wave exposure in the 
latter (e.g. Day, 1980; 1981; Elliott and McLusky, 2002; Borja et al., 2011).  Various 
northern hemisphere studies that have compared the hyperbenthos between estuarine and 
coastal marine waters have found that the species richness and/or diversity of these 
assemblages was lower in the former environment with the opposite being true for density 
(e.g. Mees and Hamerlynck, 1992; Mouny et al., 2000; Dauvin et al., 2006; 2010), which 
fits with well-established paradigms about the greater physiological adaptations required of 
estuarine species and the ‘stress-subsidy’ concept whereby tolerant species thrive (e.g. 
Elliott and Whitfield, 2011). 
The findings of the current study, however, did not fully support the above trends or 
paradigms.  Although hyperbenthic species composition differed markedly between the 
coastal waters and the Swan-Canning and/or Peel-Harvey estuaries, mean densities were far 
lower in the estuarine than marine waters, and diversity was in most cases similar across the 
estuarine and marine systems.  The impacts of anthropogenic stressors in the estuarine 
systems, greater competition for food with benthic macroinvertebrates and greater 
predation by fish in the estuaries could be some potential contributing factors to these 
unusual findings.  Moreover, given that the taxa making the greatest contributions to the 
higher densities in the marine waters were largely found at the most exposed sites, it is 
likely they have found a niche in these higher-energy areas.  Further research is clearly 
warranted to better understand the extent, pattern and drivers of these estuarine vs marine 
trends in the hyperbenthos across south-western Australia and other temperate microtidal 
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regions, especially since other faunal groups studied in the same systems do follow the 
well-established patterns (e.g. meiofauna; Hourston et al., 2011).  
  
6.4 Conclusions 
 This study has made a major contribution to the very sparse knowledge of the 
ecology of the hyperbenthos in temperate microtidal estuaries in the southern hemisphere, 
and how they differ between adjacent estuarine and nearshore marine waters.  Prior to this 
study, there was no information on the hyperbenthos in any southern Australian estuary (or 
indeed any Australian estuary), and only a small number of studies have been undertaken in 
comparable estuarine or coastal waters worldwide, e.g. in South Africa and South America. 
This study has also established a quantitative benchmark for understanding habitat 
and seasonal differences in the characteristics of the hyperbenthos in two iconic estuaries in 
the most heavily populated region of Western Australia, and provided some crucial 
foundations for enabling prediction of those fauna at unsampled sites.  This provides 
ecologists and managers with reliable information on a highly important component of the 
food web and broader ecological functioning of these estuaries, and furthers their ability to 
holistically conserve these key environments.  
This study has additionally highlighted the need for further research into the 
hyperbenthic communities in Western Australia and more broadly Australia, including in a 
greater range of estuarine and coastal environments, and comparisons of assemblages both 
between day and night and between shallower and deeper waters. Sampling methods 
adopted in any such research should also be consistent, whereever possible, to enable 
robust spatial and temporal comparisons, and further include similar sampling and 
laboratory techniques as those employed in various studies throughout the northern 








Appendix 1: Sites comprising each of the habitats identified by the CLUSTER and 
SIMPROF procedures on the enduring environmental data recorded at all sites across all 
four estuaries positioned in their true geographical locations (see Fig. 2.17). 
 
 
Habitat Estuary Sites 
A Peel-Harvey 150, 152, 153 
B Swan-Canning 69, 71, 72, 74 
C Wellstead 26, 28, 29, 31, 32 
D Wellstead 9, 10, 11 
E Wellstead 1, 2, 3, 4, 5, 6, 7, 30, 33, 34 
F Wellstead 8, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 27 
G Wilson 1, 2, 6, 8, 9, 12, 13, 24, 25, 26, 43, 44, 45, 46, 47, 48, 49, 50, 51 
H Wilson 19, 20, 31, 33, 55, 56, 57, 58, 59, 60 
I Wilson 14, 39, 40, 41, 42 
J Wilson 10, 11, 15, 16, 17, 18, 21, 22, 23, 27, 28, 29, 30, 32 
K Wilson 38, 52 
L Wilson 34, 35, 36, 37 
M Wilson 3, 4, 5, 7 
N Wilson 53, 54 
O Peel-Harvey 2, 3, 4, 5, 41, 60, 61, 70 
P Swan-Canning 77, 80, 81, 82, 83, 84, 85, 86, 87, 102, 104 
Q Swan-Canning 99, 100, 103 
R Swan-Canning 67, 68, 73, 75, 76, 78, 79, 101 
S Peel-Harvey 24, 35, 37, 38, 39, 46, 64 
T Swan-Canning 29, 30, 31, 32, 35, 36, 37, 39, 43, 46, 47, 64, 66, 95 
U Swan-Canning 5, 16, 19 
V Peel-Harvey 28, 32, 40, 43, 44, 45 
W Peel-Harvey 14, 15, 16, 17, 23, 25, 26, 27, 36, 48, 68 
X Peel-Harvey 6, 7, 8, 9, 10, 11, 12, 18, 47, 58, 59 
Y Peel-Harvey 19, 31, 33, 34, 42 
Z Peel-Harvey 92, 101, 102, 104, 106, 107, 108, 109, 121, 123, 125, 127, 129, 130, 131, 
132, 137, 151, 154, 158 
AA Swan-Canning 1, 20, 21, 38, 44, 48, 57, 91, 92, 94, 96, 98, 105 
AB Peel-Harvey 93, 94, 95, 96, 118, 119, 120 
AC Peel-Harvey 91, 98, 128, 155 
AD Peel-Harvey 1, 74 
AE Peel-Harvey 62, 71, 72, 78, 84, 88, 90, 133, 136 
AF Swan-Canning 33, 34, 45, 52, 53, 58, 60 
AG Swan-Canning 6, 7, 8, 13, 23, 24, 88 
AH Swan-Canning 40, 41, 42, 50, 51, 54, 55, 56, 59 
AI 
Swan-Canning 3, 15, 17, 18, 25, 26, 27, 28, 61, 62, 63, 89, 93, 97 
Peel-Harvey 81 
AJ Peel-Harvey 73, 75, 80, 82, 83, 134, 135 
AK Swan-Canning 2, 4, 9, 10, 11, 14, 49, 90 








Appendix 2: Sites comprising each of the habitats identified by the CLUSTER and 
SIMPROF procedures on the enduring environmental data recorded at all sites across all 




Habitat Estuary Sites 
A Swan-Canning 80, 81, 82, 83, 84, 85, 86, 87 
B Swan-Canning 69, 71, 72, 74 
C Peel-Harvey 150, 152, 153 
D Swan-Canning 67, 68, 73, 75, 76, 77, 78, 79 
E Peel-Harvey 2, 40, 43, 44, 45 
F Peel-Harvey 3, 4, 5, 41, 60, 61, 70 
G Swan-Canning 99, 100, 101, 102, 103, 104 
H Peel-Harvey 24, 35, 36, 37, 38, 39, 46, 64 
I Peel-Harvey 25, 26, 27, 28, 29, 32 
J Peel-Harvey 6, 7, 8, 9, 59 
K 
Swan-Canning 64, 66 
Wilson 53, 54 
L Wellstead 26, 28, 29, 31, 32, 33 
M Wellstead 1, 2, 3, 4, 5, 6, 7, 30, 34 
N Wellstead 8, 9, 10, 11, 23 
O Wilson 44, 45, 46, 47, 48, 49, 50, 51 
P Wellstead 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 24, 25, 27 
Q Peel-Harvey 10, 11, 12, 18, 47, 58 
R Peel-Harvey 1, 62 
S 
Swan-Canning 23, 24, 33, 34, 44, 45, 52, 53, 57, 58, 60 
Wilson 31, 33, 38, 52 
T Peel-Harvey 91, 98, 104, 155, 158 
U Wilson 3, 4, 5, 7 
V 
Swan-Canning 17, 18, 25, 26, 27, 28 
Peel-Harvey 81 
W Wilson 19, 20 
X Swan-Canning 43, 46, 47 
Y Wilson 42, 43 
Z Peel-Harvey 14, 15, 16, 48, 68 
AA Peel-Harvey 17, 23 
AB Swan-Canning 37, 38, 39 
AC Peel-Harvey 125, 128, 129, 130, 131, 132 
AD 
Peel-Harvey 101, 102, 106, 107, 108, 109, 121, 123, 127, 151 
Swan-Canning 105 
AE Peel-Harvey 92, 93, 137, 154 
AF Peel-Harvey 94, 95, 96, 118, 119, 120 
AG Swan-Canning 48, 88, 91, 92, 94, 96, 98 
AH Swan-Canning 95, 97 
AI Swan-Canning 49, 89, 90, 93 
AJ 
Swan-Canning 61, 62, 63 
Wilson 34, 35, 36, 37 
AK Swan-Canning 29, 30, 31 
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Habitat Estuary Sites 
AL 
Peel-Harvey 74 
Swan-Canning 6, 7, 8, 13 
AM 
Peel-Harvey 71, 72, 78, 84, 88, 90, 133, 136 
Swan-Canning 1 
AN 
Swan-Canning 32, 35, 36 
Wilson 24, 25, 26, 41 
AO Wilson 39, 40 
AP Swan-Canning 9, 10, 11, 14, 15 
AQ 
Peel-Harvey 73, 75, 80, 82, 83, 134, 135 
Swan-Canning 2, 4 
AR 
Swan-Canning 20, 21 
Wilson 10, 11, 14, 15, 16, 17, 18, 21, 22, 23 
AS 
Swan-Canning 3 
Wilson 1, 2 
AT Peel-Harvey 31, 42 
AU Peel-Harvey 33, 34 
AV Wilson 55, 56, 57, 58 
AW Wilson 59, 60 
AX Wilson 27, 28, 29, 30 
AY Swan-Canning 50, 51, 54 
AZ Swan-Canning 55, 56, 59 
AaA Swan-Canning 16, 19 
AaB Wilson 9, 12, 13 
AaC Wilson 6, 8 




























Appendix 3: Sites comprising each of the habitats identified by the CLUSTER and 
SIMPROF procedures on the enduring environmental data recorded at all sites across all 
four estuaries after they had been overlaid on a common geographical location and bar state 




Habitat Estuary Sites 
A Swan-Canning 67, 68, 69, 71, 72, 73, 74, 75, 76, 77, 78, 79 
B Swan-Canning 80, 81, 82, 83, 84, 85, 86, 87 
C Peel-Harvey 150, 152, 153 
D Wilson 44, 45, 46, 47, 48, 49, 50, 51 
E Swan-Canning 99, 100, 101, 102, 103, 104 
F Peel-Harvey 2, 40, 43, 44, 45 
G Peel-Harvey 3, 4, 5, 41, 60, 61, 70 
H Peel-Harvey 25, 26, 27, 28, 29, 32 
I Peel-Harvey 6, 7, 8, 9, 59 
J Wellstead 1, 2, 3, 4, 5, 6, 7, 30, 34 
K Wellstead 26, 28, 29, 31, 32, 33  
L Wellstead 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 24, 25, 27 
M Wellstead 8, 9, 10, 11, 23 
N Swan-Canning 64, 66 
O Peel-Harvey 10, 11, 12, 18, 47, 58 
P Wilson 53, 54 
Q Wilson 1, 2, 6, 8,  9, 12, 13 
R Peel-Harvey 1, 62 
S 
Swan-Canning 17, 18, 23, 24, 25, 26, 27, 28 
Peel-Harvey 81 
T Wilson 19, 20 
U Peel-Harvey 91, 98, 104, 155, 158 
V Wilson 3, 4, 5, 7 
W Swan-Canning 37, 38 
X Swan-Canning 20, 21, 44, 57 
Y Swan-Canning 33, 34, 45, 52, 53, 58, 60 
Z Peel-Harvey 14, 15, 16, 48, 68 
AA Peel-Harvey 17, 23 
AB Wilson 42, 43 
AC 
Swan-Canning 105 
Peel-Harvey 101, 102, 106, 107, 108, 109, 121, 123, 127, 151 
AD Peel-Harvey 125, 128, 129, 130, 131, 132 
AE Wilson 31, 32, 33 
AF 
Swan-Canning 1, 6, 7, 8, 13 
Peel-Harvey 71, 72, 74, 78, 84, 88, 90, 133, 136 
AG Peel-Harvey 92, 93, 137, 154 
AH Peel-Harvey 94, 95, 96, 118, 119, 120 
AI Swan-Canning 48, 88, 91, 92, 94, 96, 98 
AJ Swan-Canning 43, 46, 47 
AK Peel-Harvey 37, 38, 39 
AL Peel-Harvey 35, 46, 64 
AM Wilson 39, 40, 41 
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Habitat Estuary Sites 
AN Wilson 24, 25, 26 
AO Swan-Canning 95, 97 
AP Swan-Canning 49, 89, 90, 93 
AQ Swan-Canning 32, 35, 36, 39 
AR Swan-Canning 29, 30, 31 
AS Wilson 38, 52 
AT 
Swan-Canning 2, 3, 4 
Peel-Harvey 73, 75, 80, 82, 83, 134, 135 
AU Swan-Canning 9, 10, 11, 14, 15 
AV Peel-Harvey 31, 42 
AW Peel-Harvey 33, 34 
AX Wilson 10, 11, 14, 15, 16, 17, 18 
AY Wilson 55, 56, 57, 58 
AZ Wilson 59, 60 
AaA Swan-Canning 61, 62, 63 
AaB Swan-Canning 50, 51, 54 
AaC Swan-Canning 16, 19 
AaD Wilson 27, 28, 29, 30 
AaE Wilson 21, 22, 23 
AaF Wilson 35, 36, 37 
AaG Swan-Canning 55, 56, 59 
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